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SUMMARY 


Interest In the application of Stirling engines to serve a variety of power 
producing needs has increased considerably over the past several years. This 
interest has been generated principally by the potentials for high efficiency 
and low emissions offered by the Stirling engine coupled with its inherent 
quietness and capability to operate with a variety of fuels or using a variety 
of heat sources. 

The DOE Office of Conservation, Division of Transportation Energy Conservation, 
has established a number of broad programs aimed at reducing highway vehicle 
fuel consumption. The DOE Stirling Engine Highway Vehicle Systems Program is 
one such program. This program is directed at the development of the Stirling 
engine as a possible alternative to the spark-ignition engine. 

Project Management responsibility for this project has been delegated by DOE to 
the NASA-Lewis Research Center. Support for the generation of this design manual 
was provided by jl grant from the Lewis Research Center Stirling Engine Project 
Office. 

For Stirling engines to enjoy widespread application and acceptance, not only 
must the fundamental operation of such engines be widely understood, but the 
requisite analytic tools for the simulation, design, evaluation and optimisation 
of Stirling engine hardware must be readily available. At the present time, the 
most highly developed and verified analytic programs are proprietary to specific 
corporations. .... 

The purpose of this design manual is to provide an introduction to Stirling cycle 
heat engines, to organize and identify the available Stirling engine literature, 
and to identify, organize, evaluate and, in so far as possible, compare non 
proprietary Stirling engine design methodologies. As such, the manual then 
represents a first step in the long process of making available comprehensive, - 
well verified, economic- to-use, Stirling engine analytic programs. 

The basic principles of heat engines are explained. A Stirling engine is defined 
as a heat engine that moves a body of gas around in such a way as to compress 
the gas principally in the cold part of the engine and expand it principally in 
the hot part of the engine. -Heat is supplied and removed through the walls of 
the engine. 

In introducing Stirling engines, the variety of Stirling engine types and their 
utility in comparison to other machines aro discussed. Useful Stirling engines 
are or can be built from an output of a few watts to a megawatt. Dower density 
is usually as high as a diesel engine and can approach a gasoline automobile 
engine. Efficiencies 30* higher than an automobile engine aro projected, tor 
complete engines designed to power vehicles experience shows that a curront 
flame-heated Stirling' engine powering all auxiliaries realized no more than 58* 
of the Carnot efficiency for the heat source and heat sink temperatures employed. 
Stirling engines can be designed to utilize almost any source of heat, air 
inherently quiet and can be made reversible. 
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The theory of Stirling engine is presented starting from simple cvcle analv«t« 
Important conclusions from cycle analysis are: 1) Eared to m lloill wfU* 
2 ero unswept gas volume (dead volume), the power available from an engine with 
dead volume u reduced proportional to the ratio of the dead volume to the 

usecMn * nd 2 i At the ysual dead volunie ratios of greater than 50'S 

used in Stirling engines the error in computing the work par cycle usinq me 

?o s ^undi^":, s ?r? s to n » ea<l of the " ore reaiistic but 

wU^i.creased^rde^nu^er^ndlcatin^ncredse^comptexity? 1 ' 4161 " and ^ ° rder 

First order design methods employ the classical Schmidt equation and are prind- 

JlJ'JL U | eful d ln Preliminary systems studies to evaluate how well-optimized engines 
may perform In a given heat engine application. y 

Second order design methods also utilize the Schmidt equation, but, in addition, 
incorporate engine loss relationships that apply generally for the full engine 
cycle. This method assumes that the different processes going on In the enqine 
ver ^ The author* s second order methods are given for several- 

different types of Stirling engines. These methods are presented in detail by 
using work sheets that need only be filled out for the specific case. One 
sample problem is presented-using these work- sheets. 

The literature on- third order methods is quite extensive. . This method solves 
the equations expressing the conservation of energy, mass and momentum using 
numerical methods. The engine is divided into many nodes and short time steps 
are required for a stable solution. Some third order methods assume that at 
each instant in time the pressure is uniform. This assumption greatly reduces 
computation time. If pressure is not assumed uniform, then the time step can be 
no longer than the time it takes for sound to travel from one node to the n°xt. 
Third order design methods compute the engine performance with much fewer 
assumptions but require thousands of times longer computation time. Both second 
ana third order methods must be validated by agreement with measurement of the 
performance of an actual engine. 

The development and testing programs for engines greater than a few horsepower 
are summarized. Current engines by Philips, Ford and United Stirling are 
described. A 10 year old engine, the GPU-3,- built by. General Motors for the 
U. S. Army and now under test at NASA-Lewii , is described in enough detail so 
that predictions can be made about its indicated power output and efficiency. 

All the literature now available that compares engine measurements with calculated 
performance is presented. Qvale gives a partial description of a Stirling engine 
built by Allison and claims good agreement. Rios built and fully described a' 
Stirling cooling machine and shows that his computation method agrees with his 
measurements-. The performance of the GPU-3 engine presently under test at 
NASA-Lewis was to have been presented for certain agreed upon test points. 
Unfortunately, the data are as yet unavailable. The predictions of the indicated 
output power and efficiency have been made for these test -points using both the 
second order analysis of Martini and the third order analysis of NASA-Lewis and 
are presented and compared. 
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The tasks undertaken in this grant proved larger than anticipated. The original 
objective of identifying and organizing all available information on Stirling 
engines has been met. Over 800 publicly available references on Stirling engines 
are -given according to year of publication, personal author, corporate author 
and subject.. However, a thorough evaluation of all available analysis methods 
could not be accomplished within the allotted resources. Nevertheless, it is 
felt tnat there is benefit to be gained by making available the progress to date. 
At this point, most of the design methods that are described in the literature 
in enough detail so that others may use them are given in this manual so that 
the reader can use them. All of the simple methods are given. For these methods 
to be of known utility, they must be compared with reliable engine test data 
over a range of operating conditions. This comparison has not been done because 
the data are not available at this time. Such data are being generated at at 
least two government laboratories. Future support, if forthcoming will enable 
incorporation of such data, completion of the design methods evaluation process 
and production of a more comprehensive design manual. 
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2. INTRODUCTION 
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2.1 Why Should Anybody Be Interested In Stirling Engines? 

For many years during the last century, Stirling engines occupied a .... — 
relatively unimportant role among the kinds of ungines used during that 
period. They were generally called air engines and were characterized by 
high reliability and safety, but low specific power. They lost out in the 
dollars-per-horsepower race with other competing machines. In the 1 930 ' s 
some researchers employed by the Philips Company, in Holland, recognized 
some. possibilities in this old engine, provided modern engineering techniques 
could be applied.. Since then, this company has invested millions of dollars 
and has created a very commanding position in Stirling engine technology. 

Their developments have lead to smooth, and quiet-running demonstration 
engines which have very high efficiency and can use any source of heat. 

They may be used for vehicle propulsion to produce a zero or low level of 
pollution. A great variety of experimental Stirling engines have been. 

“built from the same general principles to directly pump blood, generate 
electricity, or -directly generate hydraul ic ..power. Many are used as heat 
pumps and some can be used as both heat pumps and heat engines depending 
upon the adjustment. With a few notable exceptions of independent individuals 
who have done very good work, most of the work on Stirling engines has been _ 
done by teams of engineers funded by the giant companies of the world. The 
vital details of this work are generally not available. The United States 
government is beginning to sponsor the development of an open technology 
on Stirling engines and is beginning to spend large sums of money in. this 
area. DOE contracted with the Ford Motor Company to spend 160 million dollars 
over the next 8 years to bring about a commercial Stirling engine (77 ap)*. 

DOE will supply 110 million of this sum. About 4 million dollars will be 
spent in the first year to better assure both parties that 30% better than 
conventional engine gas mileage can be obtained with the Ford-Philips Stirling 
engine. Also DOE has announced that a second team composed of Mechanical 
Technology Incorporated, Latham, New York; United Stirling of Malmo, Sweden 
and American Motors will be negotiated with to help "establish the development 
base of component, subsystem and system designs, fabrication technology, test 
experience and assessment of cost and market ability necessary to support a 
decision by 1984 by the U.S. automobile industry to establish a production 
engineering program for the Stirling engine" (77 ai). Since for many engineers 
interest must follow money, now for the first time a reason for beginning to 
become familiar with the interesting and varied properties of this class of 
thermal machines exists for a much larger group of engineers. 

2.2 What Is A Stirling Engine? 

Like any heat engine, the Stirling engine goes through the four basic 
processes of compression, .heating, expansion, and cooling (See Figure 2-1). 

A couple of examples from every day life may make this clearer. For instance, 
Figure 2-2 shows how an automobile internal combustion engine works. In 
this engine a gas-air mixture is compressed using work stored in the mechanical 
flywheel from a previous cycle. Then the gas mixture is heated by Igniting 
it and allowing it to burn. The higher pressure gas mixture now is expanded 

* See references i4i Section 8 — 
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Figure 2-2. Example of Internal Combustion Engine. Figure 2-3. Example of Closed Cycle Gas Turbine 
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Figure 2*4. Essential Character of a Stirling Engine. 


A heat engine is a Stirling engine for the purpose of this book when: 

1. The working fluid is contained in One body at nearly a 
common pressure at each instant during the cycle. 

2. - The working fluid is manipulated so that it is generally 

compressed in the colder portion of the engine and expanded 
generally in the hot portion of the engine. 

3. Transfer of the compressed gas from the cold tc the hot 
portion of the engine is done by manipulating the fluid 
boundaries without valves or real pumps. Transfer of the 
expanded hot gas back -to the cold portion of the engine Is 
done the same way. 

4. A reversing flow regenerator (regenerative heat exchanger) 
may be used to Increase efficiency. 
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Figure 2-5. Stirling Engine Design Option Block Diagram. 
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A wide variety of Stirling engines have been manufactured. Those old engines 
are described very well by Finkolstein (59 c) and Walker (7.1 j). Usually those 
Involve three basic types of Stirling engines. One, the alpha type, uses two 
pistons (See Figure 2-4 and 2-6). These pistons mutually compress the working 
qas in the cold' space, move it to the hot space where it is expanded and then 
move it back. There is a regenerator and a heater and cooler in series with 
the hot and cold gas spaces. The other two arrangements use a piston and 
displacer. The piston does the compressing and expanding, and the displacer ji„. 

does the gas transfer from hot to cold space. The displacer arrangement with - 1 4 

the displacer and the power piston in line is called the beta -arrangement, 
and the piston offset from the displacer, to allow a simpler mechanical 
arrangement, is called the gamma-arrangement. However, these arrangements 
concentrate on only one of the vital design choices which face a creative 
designer of Stirling engines. The other design choices under the categories 
shown in Figure 2-5 will now be enumerated to indicate the breadth of possible 
Stirling engines. 

2.3.1 Heat Sources 

Since heat is supplied to the outside of the Stirling engine, many kinds 
of heat sources can be incorporated. Almost all work so far. has been toward 
the development of a liquid fuel burner which requires an air pro-heater to 
work effectively. Virtually any type of liquid- fuel can be used. Some work 
is now being started using solid fuel burners which are mostly fluidised bed 
coal burning experiments in which a heat pipe transports the heat from the il' 

burning coal to the engine (76 f). For undersea application a system has been * 

developed to react -lithium with SF tl and transport heat to the engine with a 
heat pipe (75 f). Some researchers suggested that electrically heated thermal 
energy storage units coupled with Stirling engines might be better for electric 
vehicles than even the most advanced type of electrochemical batteries coupled 
with electric motors (76 c). Relatively small mirrors or lenses focusing on 
a small Stirling engine are being considered as potential power sources for the 
future (77 ac). The conclusion here is tnat there are many ways of using 
Stirling engines with loss common heat sources which have definite possibilities 
for the future. 


2.3.2 Solid-Gas Hea t Tr ait sfer 

The technology of how to add and. remove heat from the working fluid in the 
Stirling engine is the most crucial of the entire Stirl ihg engine design. There 
are two essential reasons for transferring heat into and out of the gas. The 
first is to supply the heat- of expansion (heater) and remove the heat of compres- 
sion (cooler). The second is to supply and remove the sensible heat as the 
working fluid oscillates between the hot and cold part of the engine (regenerates) . 
It is quite -clear from Figure 2-3 that the closed cycle gas turbine (Gray ton 
Cycle) also shares these essential requirements, lor both the Grayton Cycle as 
well as the Stirling Cycle engine frictional losses must be minimized. However, 
in the lirayton Cycle making the heat, exchangers large to reduce friction has no 
effect on the capacity of the compressor-expander. However, the price that the 
Stirling engine pays for not having to have the cost and problems of compressors 
and expanders needed in the Grayton Cycle is the necessity of keeping the 
undisplaced or dead volume to a minimum for the heat exchangers and associated 



it In mini in m iflTI i I h in 






: W-/J .r#i 

' Wn" 




vm 


Ip P 





n 


ALPHA-TYPE ‘ 

H = HEATER — A ' Ty ^ 

R 5 regenerator 

c a COOLER 

1 = EXPANSION SPACE 

2 s COMPRESSION SPACE 

~ 2 ' 6 ' Ma1n TyPeS ° f Stir »"9 E"»m. Arrangements 



GAMMA-TYPF 


Figure 2-6. 


rsBs,ff - 

A number of early air onn- 

Jot gaTe^e it" W? S (w1? d * ,n » 1 £S S 6^ ° mpr ? ssor 

alternative with nrnOer^n&eeMn^ » »f, „ be(ng 

sma d l S diaiLter t tubes^1th C tIe f ^ ,S '*' e ’ t ^ r ”^ 1 ^ 99 ^ lJ tool ) er S made a of it 9065 from the 

® ^ w -si 61 

variable volume spaces is thpn°-!^‘ Com b 1 ning the heat’exrhan^ 1 ^’ thr, ° u 9 h a 
This, is an old Idea Maw Jf e ° re tical ly a good wav ? an 96 a S w1th the 

the name thermal izers ?73 n but . has recently receivtd^h^V®^^ dead v °lume. 
challenges is to build Iters' T77 h? n® We V t<: ® ntio n under 
able cost. Very hiah na ^ 1 clen t» low dead volume heal' a ^I! e chief design 

to average gas ores?,lf $ f res sures -are- used S u ^n! XCh ^ 9ers at a reason- 
quality ceramics are beina ^ se ? 1ncrea se only slowly with nac S - ty 1S pro P° r tional 
complicated shapes miahrL^° nsidered because' higher t 2 lSj! s pressure - High 
heat exchangers^ HlaS^ ? ome economic compared to hra?fl ture and m °re 

addS * t*'.f«c.S£ r 9teat?y &*£? 

2 . . 7 fn. T I 


2-3-3 £»Jl^Por^^ 


— - : \ f 





Jj>\ 


PISTON 

1 

IXPANSlON SPACt 


2 

MtATCn 


-V. 


p t' ** 

V i *■ 


V 


>««>( 


tl 


t 


u.* 


w 


issMfc 




,^ r 


*U tit Nt HA I OH \ 


\ . 

I'iHHI M T l >|«l S 


l OMNI v ttNu nu'lii 


lUiHNt H i AHAusI OUtll 1 


Figure 2-8. Philips Double-Acting Swa&hplate Engine. ^ 

Sl? 1 ?Su t r“lstoM arfnMSe^tr^piJr^e- *clc e ^1« t0 ^V7 Me ««"!>. 

with a hypocyclo Id crank (76^1 putn^!"*] crank } n ? cross heai1 - (69 f) 0 r 

the oil w 11 i y foSl thL heat ^exchange II I 1 k iV ,u ? Hcated •*«« 

that any ,*a k a ge .reatly.^duL. pawn,, tecSa^'Is?^ Mc.Tji.K 







Xr.l 


0 ’"•! 




'I 


Ik, ' A 

r*7 


v*- 

tv/ 






aSd- k -^J. 


■■■^ 
v 1 ** :/'■ 

; v ♦ 


J ■ 

V t.«»* S 






gVf? 


,> rr*r4 

r* v * 1 








■>s* 

vU**M 


,v v 'V 

.$i;y 


;-/;W ' J^-. 

4, a y» . /<j.\nJfc3 




' 

'".••I 

\ **v ; 


oil backed roll sock seals are used to a £*11? tv” ( 7 6 t c ) ^ * u * 9 have not received 
to ellminltt leakage and lower friction. 


linnnate leakage anu iw»~. ■ 

Rotary and shaft seals have been elfmlnated for a ™mber jJ^Toutput using 
watering (71 9.-71 ap . oil ( * • » J ( „ a l)., add heat 

^ S - ^g developed. 


ngw /a * / ' > . *1 

In the water, gas and heat ■ P cSd h ? 0 C the 5 hot'll de o/the^di spider. If it 
thp transport of gas from the coJd to the n ^ equivalent 

„ 6 g Wd It .is called a. th^ocompru £ ntt l/hltlon o? the gas 

to an Internal combustion engine, without of 1ts simplicity. If 

mixture. Power is low but it is a V t ^^ t ^- nlacer ooerating between a hot and a 

warn^zone^then /vullleumie/cycl/cooler^l^s j^^gnt1y h received°a Tot^of* 
SJSSll’S^lSSt to 1 produce .reliable coolers for Infrared sensors whic 
must operate in the 20 K range. 


operate m 1-"= . 

These displacer-onl v type ^b^^cranranrfl^heerdriven by a 
by an electric motor (76 i,» a ^ ^ . dr1ve for the displacer has also been 
drive- piston (74 n). A plug- i or tHc solenoids can be made efficient an 
den ^d S b/also^use/for L th/purpose C of^dr1ving°the displacer. Also, overcenter 
brings ha/e 0 beenevaluated P for this purpose. 


rTT 


gs navt: uccm « * « ? . 

All the displacer-only “f . 

ISrM^nl^rVt- can be s designed ^^aS^Swlace- 
efficiently attainable by the Stirling fW"?.* 1 Sf S processed by the displacer 
mini would V then be possible for the sa f u a ™?J n L ^eherated without increasing 

Sirs-a -sna m a .rs - ; «b-ss, t 
as i , saassi‘sss , s l—— 

(77 h). 


Finally, displacer-piston , ’J a ^ in ^ v ^" the displaced can P control a large 
amolifiers. A small amount of power m °» ^ cr g ate a push or pull. In. a 

S;,!K‘«« / very^ven 1 torque I 5 d a speed exactly matching the exctatton- 

frequency would be realized. 


2.3.4. Power Control 
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or coal, usually. When hot the engine was turned over once by hand and 
started. Water pumping was usually the task, so rapid control was not required. 
Modern engines are being used to generate electricity or operate vehicles. 

In both cases highly responsive speed control Is needed. The standard method* 
has been to rapidly add or remove working fluid (77 i). Other methods have been 
considered like varying the stroke of the power pistons (possible in the Philips 
swashplate engine (74 c) ) . Temporarily connecting the working gas space to the 
buffer space during a controlled part of each stroke also is shown to control 
power (73 v). Chanqinq the phase anqle between the piston and displacer during 
operation has been demonstrated (76 c). With this type of power control one can 
change during operation from positive torque to negative torque for regenerative 
braking and heat reclamation. For maximum efficiency at a particular speed and 
torque requl reiiient one can arrange to change the stroke of the displacer at 
*90° phase angle (76 c). It is also theoretically possible to do the same 
thing with a Rinia swashplate machine by tilting the swashplate over center. 

In a displacer-power piston machine (Beta or Gamma type) the displacer 
requires Only a small fraction of the engine power output. Up until now we 
have talked about obtaining this power by mechanical linkage *rom the power 
piston through a crank mechanism which may be fixed or variable in phase 
angle and stroke. Engines have been built in which the displacer is driven 
by part of the pressure-volume energy generated by the engine but applied to 
the displacer drive piston instead of the power piston (72 j). Some of these 
engines are controllable by spoil inq through a valve part of the energy applied 
to the displacer drive piston (77 x). 

Displacers can be driven. by electric, pneumatic or hydraulic means. entirely 
independent of what happens at the power piston. A class of thermally powered 
actuators could be created. Also speed controlled engines analogous to a 
synchronous electric motor could be developed. That is, the engine would act 
as a heat engine or as a heat pump depending on whether the engine is driving 
the load or the load is driving the engine at the excitation frequency. 

One can conclude that there are many useful ways of controlling Stirling 
engines some of which may be cheaper or more energy efficient that those now 
considered standard. 

2.3.5 Heat Sinking 

Compared to internal combustion engines* Stirling engines require a larger 
radiator. Compared to a Diesel engine, three times more heat must be dissipated 
through the radiator (75 w). A special thin corrugated radiator has been 
developed to allow a more powerful radiator to be installed in the same volume 
(74 c). The standard method is a pumped coolant loop and a heat exchanger to 
the air.- Not much has been done with heat pipes, boiling condensing systems 
or fins. Possibly the cold space can be shaped with a large surface area .so 
that direct cooling to the air through fins is a possibility. 

In the heat sink area one difference between internal combustion machines 
and Stirling engines should not be overlooked. In an internal combustion engine 
the engine has to be kept warm to work well. In a Stirling engine the colder 
the heat sink the better the engine works. Another big advantage of a Stirling 
engine is that it can operate over the entire available temperature difference 
providing materials of construction can be found. Nobody has seriously looked 
at engines designed to operate between 2,000 C 'wirl' ambient temperature. 
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2. 3.6 Working Gas 

Almost all the early Stirling engines used air at a minimum pressure of one 
atmosphere (59 c). As early as 1827 engines built by the Stirling brothers used 
pressurized air (59 c), but the idea did not. catch on. The first engines built 
by Philips used pressurized air from a built-in air compressor (46 a). An 
analysis of all possible gases will show that hydrogen and helium are much better 
than any other gas. Hydrogen is best because it has the highest thermal 
conductivity, the lowest viscosity and a low heat capacity on a volume basis. 

Cnly a small amount of heat is needed to-change its temperature. However, 
hydrogen permeates through metals and no container is completely impermeable. 
Hydrogen is also flainable, but. the amount of gas employed is quite small. Also 
some metals are embrittled by hydrogen. On the other hand, helium is Inert 
and can be permanently contained in metal. It has an even lower volumetric 
heat capacity than hydrogen and almost as good a thermal conductivity* but the 
viscosity Is twice that of hydrogen. Michels (76 e) showed that a Stirling 
engine can be designed to use either hydrogen, helium or nitrogen all with the 
same efficiency for the same temperature. However, the heater, cooler and 
regenerator of- each engine would be designed quite differently. Helium and 
hydrogen can attain the same power density. However, an engine designed to run 
with hydrogen will run poorly with helium. Hydrogen has a broader range of high 
efficiency operation than does helium. A Stirling engine running on nitrogen 
or air appears to be limited to 20 to 25? of the power of a helium or hydrogen 
filled engine of the same displacement (76 e). 

Dissociable gases like nitric oxide (67 h) have been proposed but there 
seems to have been no appreciation of the need for good heat transfer properties. 
Liquids like water have been used (31 a). Water-hydrogen has also been proposed 
for use in a Stirling engine (74 ao). The addition of water to the gas improves 
the power density. However, the water vaporizes at a high temperature and 
condenses at a. low temperature. Little regeneration is possible for the water 
component of the working fluid. However, at moderate heat source temperatures , 
the simple Rankine cycle has a good efficiency compared to the maximum possible. 
Much more heat must be transferred through about the same area and thickness of 
gas film. A better solution probably is to eliminate the permanent gas entirely 
to attain high rates of heat transfer. A successful displacer-power piston type 
Stirling engine using gas-free water-steam was demonstrated in the_artificia1 
heart program (76 be). 

2 • 4 Present and F u tur e Appl ication A reas 

At the present, the only Stirling engines that can be purchased on the open 
market demonstrate the principle but do not demonstrate the power density and 
efficiency possible with modern technology. However, the following are considered 
to be the future application areas. 

2.4.1 Silent Electric Pow er 

In the laboratory the application that has received the earliest attention 
by Philips (47 b) is the coupling of a Stirling engine to an electric generator 
to achieve a near silent electric power source. It appears that an engine made 
by FFV of Sweden will be marketed in 1979 in the United States just for that 
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purpose. Stirling Power Systems owned by The pt°^ ^“^ji^pSrtable’generators 
and FFV will be the inarketilng organizat on. eng ^machine may enjoy 

are unreliable and noisy. * P««1u« PT'«» « self-contained motor homes.. 

L’riS'Ss ? JraB-a 1 *?*— 


2.4.2 Re liable Electric Power 

•“asrsrs^rsMjs ' ”-s5» s ias eks/ss 1 

^er^eneratlon^n ^-^e-plK^e'and ^ ^ 

generator (76 az, 77 m). -oi-uhip tvoes of Stirling engines and 

It appears quite certain i that heSUd or radioisotope heated 

the^electri ^generators because they will be both cheaper ; *J^ t "kd“to 
^^I f i C uSl J :urSo re drgraS^re°f P ffcte t ncy that Is always experienced 
with thermoelectric generators (77 t). 


2.4.3 Motor Vehicle Power 

Application of the Stirling engine to inotor vehicles^has ‘° e f “ £“J,’ ed 

the most attention. A number of demonstr ve A Stirling engine is 

are in the process of being tes *®J Jl'7 m ! I t ’ cks as far as noise, performance 
probably a better engine for automobiles and truck engine be... 

and fuel economy is concerned. But, can . offered at the auto 

reduced sufficiently to allow a saleable ProJu^t Jb^o ^ philips , MTI, 

Un1ted°Stirling and tertian Motors are inioived In development .of the Stirling 
en9i r n ^rM« S »nd proposals 

coupled to a Stirling engine makes reas °”*hlrs”’from the 1975 and P 1976 IECEC 

mo C ,dsI 4 tS4 Se°5^r 

compared! th KbSSJ^iSStRc motor propulsion systems. The table below 
shows the results. 

Calculated 
Specific Energy 
WHR(m)/Ko of System 
at 20 W(m)/Kg System 


Propulsion 

System 


Calculated 

Efficiency 


WH Rnnldeli vered 
WHR(e)s 


Vupplied 


Projected 800 C Li F 
Thermal Energy Storage 
+ Controlled Stirling 
Engine 
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System SDecifir ? ted Calculated 

UHD/ e \/^ 1C * M c r ^ y Efficiency 

*r?n c ySten ’ WHR m deliv er 

at 20 W(m)/kg System WHR(e) sup'pTi 

Projected 500 C Lithium- 

Iron Sulfide Battery + 50 0.46 

Controls + Electric Motor 

Projected Zinc-Nickel 

Oxide Battery + Controls +30 0.38 

Electric Motor 

Current Lead Acid 

Battery + 10 0.26 

Controls + Electric 
Motor 

Kr', 3 "* « efficient as the 

rapidly transferring heaj into the t '°"’ if 3 practical way of 

cheaper sources of heat from burninq coal or Ca * be develo P ed then 
energy could be employed. Dunnn 9 c oal or wood or from concentrating solar 

noise, ^asonable 9 power h dens i ty and^he^iS^ and ,* oat Pulsion. The tow 
sink temperature and especially its rel iab^litv^hn 0 ^ 30 ?? u Ue t0 t,1e ^ ow heat 
outweigh the probable hiaher cost- a 1t i , - S u? u d 3 he advantages to 

should sell very well. 9 °° d * rellable Stl >”"9 engine outboard 

2*4,4 Heat Pumping Powpr 

the cryogenic industry^to^oduce liqJified S o« aVe e !! J0yed 3 9ood market in 
sensors and the like (77 ax) lquifled 9 a ses and to_cool infrared 

motor In a common 1 Rankine 6 cycle heat Dum^fo^ * ake the place of the electric 
free-piston engine pump V be no ^LveW P d f ? 0 VI h r , c Condit1ori1 ^ < 77 a <0* One 
driven heat pumps have the advant™)! ,1? . 1° th,s P ur P° se (77 w). Engine 

waste heat from the engine and tim rmin heating the building with both the 
considered and undergo g pre^lm Lfv Jes ^n A the < ?7 J>- Also being 

W; These could be two conJe^ionai s, ^< are St ! r,, "S heat engine heat 9 
(73 x) or free-piston machines whirh engines connected together 

*“J*. (69 h). SsinTma“i’ies o? S’ s S Z n ?t te a t UCl ’ ° f the ^chinery a 9 ndlhe 

(ha) ST.* 0 heat ?“'• buildings can bf^atl? r^~2T‘\' e that the 
that now being used (77 h). With this • r educed- to less than 25% of 

bouse heating and coiling Vie veri bi^n thi"^? S ‘ ir ' f "9 e " 9i "« f ° r 
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i I 2.4.5 Biomedical Powe r 

! « 

Miniature Stirling engines are now being developed to power an artificial 
I heart (72- ak). Indeed this engine appears uniquely suited for this application 
since it is very reliable and can be made efficient in small sizes. One engine 
of this size has run continuously for 3.25 years and is still going (77 x). 

Once the blood pump compatibility with the body is improved to the order of 
years from the present six months then this application area will open up. 

Between the tens to hundreds of horsepower required for automobiles and 
the few watts required for artificial hearts may be many other applications. 
a For instance, powered wheel chairs now use a cumbersome lead-acid battery and 
control box between the wheels and an electric motor belt driving each large 
wheel. With a Stirling engine and thermal energy storage the same performance 
might be obtained, using a TES-Stirling engine, belt driving each wheel with the 
speed controlled electrically. The large battery box and controls could be 
dispensed with and the chair could become truly portable by being collapsible 
like an unpowered wheel chair. There may be many specialized applications 
like this. 

2.4.6 Central Station Power 

° Many people have asked if Stirling engines are useful in the field of 

central station electric power. Very little has been published attempting to 
answer this question (68 k). R. J. Meijer (77 be) calculates that Stirling 
engines can be made up to a capacity of 3,000 HP/cylinder and 500 HP/cylinder 
I Stirling engines have been checked experimentally using part engine experiments 

(77 be). Many simple but efficient machines could be used to convert heat 
| to say hydraulic power. Then one large hydraulic motor and electric generator 

| could produce the power. In the field of advanced electric power generation 

I it should be emphasized that the Stirling engine can operate most efficiently 

^ over the entire temperature range available and could supplant many more 

; complicated schemes for increasing the efficiency of electric power generation. 

2.4.7 Power For O ther Uses? 

Who is to say whether the above list of uses is complete. As these 
machines come Into use and many people become involved in perfecting them 
for their own purposes, many presently unforseen uses may develop. A silent 
airplane engine may even be possible for small airplanes. The Stirling engine 
is still a heat engine and is limited to the Carnot efficiency as other heat 
engines are, but it appears to be able to approach it more closely than the 
others. Also the machine is inherently si lent' and uses fewer moving parts 
than most other engines. What more will inventive humans do with such a 
machine? Only the future can tell. 
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3. CURRENT LARGE FNOTNFS 


Walked 5 ? Z ?f ^ rl 1 - 9 ?cf 1n f J s ^ asci nating. The reader is referred to 
section fhJi Fln J elst ? ln ( 5 ? 0 for this type of information.. In this 
di^HKa? ?u? Lirre ? t ?" gin ? s W1th P° wer 9 neater than.l horsepower will be 
ma hi #! 1S selection leaves out model engines, and small free piston 

pnn?nof S + f °k PJf?P 1n fl» refrigerant or blood or for producing electricity. The 
engines to be discussed are: J 


N. V. Philips Co.. (Netherlands) 

1-98 

4-215 (Ford testing & modifying) 

Ford Motor Company 

4-98 Double Acting Swashplate. 

United Stirling of Sweden (USS) 

P-40 

P-75 

P-150 

General Motors (NASA-Lewis Testing) 

GPU-3 

FFV (A Swedish Government Owned Industrial Group) 
Auxiliary Power Unit Engine 

3.1 Philips -Ford Programs 


cool ereTre 'water' cooled' and S® J ub S ,ar sas U eaters a " d 90 s coolers. The 
Din« %+r!tr«5 ter 00led . P d the heaters may be heated by a flame or a heat 

and removing gas. The engines must be n p«h«ted°and r «"?• 

3-1.1 The 1-98 Engine (76- e) 

About 30 of these engines were built. It has one cylinder and a nic*™ 
swept volume of 98 cm*. Figure 3-1 shows one of thSse en ines on test Figure 
onpraJpc S -fk r0S u s ? ction of this type of Rhombic drive engine. The engine 9 
as 20^ at^Mlnahil t ®;P e r ature ^om 250 C to 850 C andproduces as much 
at 3 nnn mm e ^ 1cl6nc y* It is capable of delivering about 15 KW 

. *. g . r P m and 320 atm gas pressure. With hydrogen working qas. with DroDpriv 

tempeFature 6 of ^*££ 15 %™? WU -ii hea 5 er t ? m P eratu « of 850 C and a cooler Y 

aboSt !S TMc $^ hl V 9 T, wi Pr oduce 1° KW at a shaft efficiency of 

aoout 43*. This does not include the heater efficiency (76 e). * 
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Figure 3- 
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i. Philips 1-98 Engine on a Test Bench. 
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!. Cross Section of a Rhombic Drive Engine. 
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3.1.2 The 4-215 Engine (77 k, 77 aq) | 

The development of the 4-215 engine started at Philips* Eindhoven, in 
mid 1972. Figure 3-3 shows a cross section and a picture of this engine. I 

it uses the Rinia arrangement with 4 double-acting pistons with a swashplate 
drive. The major Innovations incorporated into the 4-215 engine over previous 
swashplate engines are shown In Table 3-1. This engine was installed in a 
Ford Torino 4500 lb inertia weight vehicle. The best fuel- economy in the 
vehicle was found to be 12.6 MPG on the Metro-Highway driving cycle (See I 

Figure 3-4). This is significantly less than the 15.5 MPG that the conventional 
vehicle would get with emission controls* Ford has already made improvements 
in the engine and dynamometer tests have resulted in a simulated 14.4 MPG. | 

Ford believes that with additional improvements now underway the objective of j 

15.7 MPG by October, 1278 will be reached. Ford has identified a series j 

of- modifications to the present engine which should realize a 30% improvement 
in gas mileage to 20.2 MPG by the end of the 160 million dollar program with 
DOE in 1985. Further out is the expectation that if ceramics like silicon 
carbide and silicon nitride can be substituted for the expensive nickel alloy 
hot ends, that the MPG would go to 23.2, the engine costs would drop and many . 
more engines could be made with the available resources. Stephens, et al 
(77 at) calculate that-300,000 engines would consume as much cobalt as all 
the United States used in 1976. Scarce materials like cobalt and nickel and 
chromium must be used sparingly. 

One of the big reasons DOE is interested ir. Stirling engines is that it 
can have high fuel economy and_ low pollution and low noise. Figure 3-5 shows ; 

that Ford has not been able to meat emissions standards with the vehicle 
engine* Previously conducted combuster rig tests at steady operating points 
showed very low pollution levels. Ford expects with, further development to 
meet, emission standards. 

The results of other tests (Table 3-2) show that the engine is about 50 lbs 
over weight objective. The slower start-up and acceleration is attributed to 
a higher pressure drop through the combustion side of the engine than was 
anticipated* 

Table 3-3 shows the present status and the objectives of the eight year ! 

Ford/ NASA/ DOE development program. Improvements in a number of categories , 

are anticipated. However, for the program to be successful the big develop- 
ment has to be to lower cost* This aspect has been Ford's main concern from 
the beginning* Although nothing has been published on this most vital aspect, 

Ford must see a way to make Stirling engines economically attractive or they 
would not continue the program. Like any other development program. Ford has 
encountered quite a number of problems. Table 3-4 shows the major technical 
problems they have encountered and resolved. Table 3-5 shows the major 
technical problems but not yet resolved. These certainly are major problems 
but there is nothing of a basic nature. During this development program. 

Ford intends to utilize the same basic engine concept but with improvements 
in components, auxiliaries, and drive to achieve the stated objectives. 

3.1.3 The 4-98 Engine (77 k) 

The 4-58 -Stirling engine is so far a design study Of a dowri-sized version 
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Table 3-1 

Major Innovations in the 4-215 EngjLne 
(Reference 77 aq) 

• 200 atmospheres working gas pressure vs. 150 atmospheres for 
previous engines. 

• First engine with rotary ceramic preheater system. 

•New air/fuel control system to satisfy dynamic requirements. 

• New power control system for automobile demands. 

•Three times larger than previous swash plate engines. 

• Half the specific weight of previous Stirling engines. 

• Packageable within existing engine compartments. 

. 4000 rpm capability vs. 2000-3000 rpm of rhombic drives. 

• First engine with exhaust gas recirculation. 

. Unique coolant flow through cooling units. 

• New lubrication system. 

■First engine designed to. drive full range of automotive type 
accessories. 
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Figure 3-4. Stirling Engini Fuel Economy. 
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5. Stirling Engine Emissions. 


Table 3-2, 

Other I’ord Vehicle Test Results 
(Reference 77 aq) 

Acceleration (0-60 MPH Time) 

Dynamometer Test = 16.0 Sec. 
Objectives _ * 12.7 Sec. 

Vehicle Weight (Curb) 

Measured = 106 lbs. over baseline 
Objectives = 50 lbs. over baseline 

Start Up Time (Key-on To Driveaway) 

Measured « 24 Sec. 

Objectives = 15 Sec. 



Table 3-3 

Ford Phase 1 &%«*• 


Status Summary 


Criteria 

Emissions (Low 
Mileage) 

Phase I 
Objective 

Veh. 

Test 

Projected 
From Dyno 
Test 

Estimated 
PH I 

Capability 





HC (Max GM/Mile) 
CO (Max GM/Mile) 
N0 X (Max GM/Mile) 

Fuel Economy 
(MPG-M/H) 

0.20 
1.70 ... 
0.20 

15.7 

0.58 

2.90 

0.56 

12.6 

0.04 

3.01 

0.38 

14.4 

0.20 

2.70 

0.35 

15.4 

Performance 
(0-60 mph Time, 
sec. ) 

12.7 


-16.0 

14.0 

Noise Level (SAE 70 

J986a-DBA) 



70 

Warm-up Time (Key 
on to Driveaway 
sec. ) 

15.0 



24.0 

Driveability 
(Jury Rating) 

6.0 



6.0 

Curb Weight 
(Max lbs. over 
Baseline) 

50 106 


8 

Hydrogen Leakage 
Rate (iS Loss Per 

15.0 








Projected 
4th Gen. 
Capability 


0.20 

1.70 

0.20 

20.6 


12.7 


70 


24.0 


6.0 


0 


15.0 
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Technical Problems Encountered 
and Resolved on Philips-Ford Program 
(Reference 77 aq) 

* Swashplate surface galling. 

• Drive system noise due to non-concentric Crossheads. 

* Regenerator end-plate bending* 

• Crankcase failure. 

• Engine out- of balance. 

* Piston attachment failure. 

Insufficient exhaust gas ^circulation. 

* Unstable air/ fuel control System. 

• Power control contamination. 


Table 3-5 

Problems Encountered Yet To Be Resolved 
on Phi lips- Ford Program 
(Reference- 77 aq) 

• Roll sock seal system failure. 

• Preheater leakage. 

• Preheater binding. 

• Fuel burning on preheater core. 

• Heaterhead temperature distribution. 

• Excessive warm-up time. 

• Insufficient burner air supply. 

• Power control instability. 

• Heater head cracking. 
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of the 4-215 engine to be used for s«ler cars whlch^wlll ^^o“eTrtl"nent 

£»i£^sff•ssaaa3aa“• 

S?S£-Sf^s; 

driving cycle to compute the vehicle performance characteristics like fu 
eC ° n T^eng?Je a S5si*SJali; ftt Into the engine 

s^^&sg^sssas: 

drive shaft is parallel to the engine crank axis. - 


3.2 United Stirling 


[77 i. 77 J, 77 al, 77 am] 


KB United Stirling (Sweden) AB & Co., was organized in 1968 as a research 
and development company jointly owned by Kockums and FFV. Kockums is a 
publicly owned comply having its main business in shipbui ding and umber 
industry. FFV is a government-owned industrial group. United^ rl™g is a 
licensee of NV Philips Company. United Stirling started by building ^ombic 
1 h ve S machi nes They then started on ftirtia arrangement machines but have not 

Si V d e tr^shpla T t h o ey oO nips but Kav* s used more nea fly ^-hnt on^ cr n 
drives. They also do hot now use the roll-sock seal that rmnps e £ * 
have developed their own mechanical seal. 

3.2.1 Application Plan 

SS " e lJlUd1 a t1rl1 P hg to IwlSSTthe market for Stirling Engines. They feel 
that th^arkel in? be penetrated starting fro* the upper eft ham I corner^ 
Figure 3-10 and proceeding through the applications ^ ^av u 0W p Ver if a 
that in this plan Taxis and Cars would be the last application. Ijj^ever, 1 

large amount cf assistance is forthcoming ^nJVthf market S?11 obviously 
the^Unlted Stirling engine to cars, this segment of the market w y 

rfiCe * United^ Stirling^ publ 1 cations Indicate that field testing of preproduction 
priority Stirling engines to power 
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4-96 84 H.P. ENGINE ) 

• LENGTH - 25.5 INCHES 

• WIDTH (MAX) -20.6 INCHES 

• HEIGHT (MAX) -23.0 INCHES 

• WEIGHT (LBS) — 374 

• DISPLACEMENT 

(PER CYLINDER) -98 fiC 

• DESIGN SPEED -5400 RPM 

(MAX) 


MAJOR CYCLE & COMPONENT DESIGN 
PARAMETERS FOR THE 4-98 STIRLING ENGINE “ 

| CYCLE PARAMETERS 

• MAX MEAN PRESSURE — 200 ATM 

• WORKING GAS -HYDROGEN 

• HEATER INSIDE WALL TEMP.- 1023 K (1382 F) 

• COOLER INSIDE WALL TEMP. -353 K (176 F) 

• MAX. ENGINE SPEED - 5400 RPM 

| COMPONENT PARAMETERS | 

• NUMBER OF CYLINDERS -4 

• SWASHPLATE ANGLE- 18 

• SWEPT VOLUME/CYLINDER -98 CM 3 _ 

• VOLUMETRIC RATIO OF EXPANSION — COMPRESSION — 1.10 

• REGENERATOR FILLING FACTOR - 38% 



Figure 3.6, The 4-98 Engine Partial Description 
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Figure 3-8. 


Packaging of the Ford 4-98 enqine in a 1976 Pinto, Rear Wheel Drive. 
1) Basic Engine, 2) Blower, 3) Radia.tor and Fan, 4) Air Conditioning 
Compressor/Optiohal, 5) Alternator, 6) Water Pump, 7) Power Steering 
Pump, 8) Hydrogen Storage Bottle, 9) Starter/Blower Motor, 10) 
Exhaust System, 11) Steering System, 12) Air Cleaner, 13) Air 
Atomizing Compressor. 
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Figure 3-9. Packaging of the Ford 4-98 Engine in a 1976 Pinto*..Eront Wheel 
Drive. 


Table 3-6 Performance Targets for United 
Stirling Product Line 


Engine Number £40 

Power 40 KW 

RPM 4000 

Number of cyl. 4 

Max efficiency v 

(Installed in vehicles) .35* 

Weight 100 kg 

(with auxiliaries) 


75 KW 
2400 


37* 
350 kg 


150 KW 
2400 
8 

37* 

650 kg 
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3-11. United Stirling P-1 SO Engine in a Truck. 

















3.2. 2.1 Seals 

The seal for this engine is presented in Figure 3«13. United Stirling 
reports that this seal has been tested for severe! thousand hours in component 
and in engine test rigs and has gradually been developed to its present SatiS- 
ie. factory State* The three elements of the seal are: 

1. The top seal element, this seal is dry. The shaft 
passing through the seal has not been Wet with oil. 

r The Seal Seals between a varying engine pressure and 

:V the minimum engine pressure below the seal. This minimum 

cycle pressure is maintained by a check valve that also 
brings leaking working gas back into the cycle. 

2. the scraper ring. This element removes the excess 
lubricating oil from the piston rod. Oil scraped away 
drains to an oil-gas separator and thence back to the 
crankcase. 

Ivvj 3. the Hydrogen seal, this element maintains the pressure 

•$|J difference between minimum cycle pressure of the working 

gas and atmospheric pressure air and lubricating, ..oil., -In 

the crank Case. 
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Il? ur e 3-14. United Stirling Involute Hpaton 


piston°Hng? ^incrtheSe^Je^orkedU?? 1 !, but ,J hey are Probably filled Teflon 
liner is cast iron. worked well for others particularly..*^ the piston 

3*2,2. 2 Gas Cooler 

The regenerator Is Vpbrou^mass^ san16 as the f>h111 P s engines. 

These parts have to transfer the heat^th^^ 6 J ame as 1n th ® ph111 P s engine. 

volume. An optimum design is 5er5 important to fn ’j tion artd "ttle dead 

cost. y ry im P° r tant to engine performance as well as 

3.2.2. 3 GaS Heater 

the lIJolSu SypeTsel FigSrlVlZ^I Stirling production engines Is of 

sai: S' r “ w-wr.. 

si sal; s:*'“ «• “> » «s ;™ s s'ssjs 
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Airflow in a Stirling engine. Temp (C°) 

Figure 3-15. United Stirling Burner and Air Preheater. 


3. 2 . 2 . 4 Burner and Air Preheater 

The burner and air preheater is different than the Philips engine 
previously described. This air preheater is the counterflow type (See 
Figure 3-15). This substitution eliminates the machinery needed to rotate 
the reversing flow matrix and seal the matrix as it rotates as done in the 
Ford-Philips design. On the other hand, it is difficult to pack in as much 
surface area for heat transfer in the limited space available using the 
counter flow heat exchanger. No real information is yet available on the.. 
United Stirling air preheater. 

The burner burns atomized fuel with swirling preheated air. Possibly 
secondary air is added. Figure 3"15 shows that the hot gases from the burner 
enter the gas heater at 2,000 C and leave at 750 C. This exhaust leaves the 
air preheater at 190 C. This drop from 750 C to 190 C raises incoming 
combustion air frofii 50 C to 680 C. 

This burner system can get the engine started rapidly from a cold start. 
Figure 3-16 shows how this is done, "the heater tubes in a Stirling engine 
must be heated up before the starter motor is engaged. The burner blower, 
normally driven by the engine, is driven by a separate electric motor during 
the heating-up period. When the heater tube temperature has reached 400- 



Engine 
spee d 
rpfn 


1000 


Starter 

engaged 


Heater tube 
temperature 
4°C 


Idle speed- 


Tube temperature 1 


1000 


0 10 20 30 40 SO 60 

Time sec 

Figure 3-16. Cold Starting Sequence for the United Sti rling V4X35 Engine. 

n2°h«J he star J® r 1s engaged. According to Figure 3-16, after 12 seeonrk 

m?* t% rU : !' s en 9 a 9?« fo? about 9 2 seconds. 8 The Inglhe Sow 

P ?n d and 5 driver would have been able to drive away After 
SSd r j^ the heater temperature has reach^Us ?e V< 

«" *- to* highe^hydrodynaiflf crosses hS’J 

r P ? SF 

igure 3-17, An explanation from reference 77 i is given below. 

■ „ JJ th ’ varying demand for heat in the working cycle 
or the engine* the air/fuel flow is controlled in 
such a way that heater temperature is kept constant 
Thus the air/fuel control is indirectly governed by 
the power control . In addition the air/fuel ratio is 
controlled with regard to emissions. Figure 3-17 shows 
a system* where a Bosch K-Jetrortic unit is used. 

The temperature of the heater tube is measured by 

The signal of the thermocouple is 
amplified and converted in the electronic control 
unit 2 to a signal controlling the position of the 
air throttle 3. Thus the right amount of air is 
delivered to the combuster via the burner air blower 
A. In a slightly modified Bosch K-Jetronic unit 
a sensor plate 6 installed inside a conical air 
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1 therrTKXoupte 

Bosch K-Jetrohic unit 
6 Sensor plate 

2 Electronic control unit 

7 Fuel pump 

3 Air throttle 

8 filter 

4 Burner air blower 

9 Relief valve 

5 Fuel tank 

10 Plunger 

Figure 3-17. Temperature and Air-Fuel 

11 Differential pressure valve 

12 Pressure regulating valve 

Control . 


passage provides a position indication of air flow 
rate. 

The fuel from the tank 5 passes an electric pump 
7 and a filter 8. The fuel pressure is held constant 
by a relief valve 9 , The position of the sensor plate 
controls via a plunger 10 the amount by which a fuel 
metering port is opened. 

The differential pressure across the metering port 
is maintained at a constant value by a valve 11 so 
that the fuel flow to the atomizer depends upon the 
amount the port is opened Only. 

The air/ fuel ratio depends upon the hydraulic 
counter pressure controlled by a pressure regulating., 
valve 12. Adjustriient Of the ratio over the load 
range can be achieved by a -modification of the shape 
of the conical air passage. 

3. 2. 2. 5 Power Control 

Power control of the engine is now done by changing the average gas 
pressure in the engine. This is the same way Philips does. It although United 
Stirling had used dead volume control on their engine they put into a Pinto 
for Ford. United Stirling uses one hydrogen gas compressor operating as an 
auxiliary, and Philips uses two pistons on each of the four power pistons 
as part of an internal gas compressor. Otherwise the process is very similar. 
Quoting again from reference 77 1: 


37 






Figure 
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arcuitihg 

1 Hydrogen storage vessel 

2 Hydrogen compressor- 

3 Control valve 

4 Compressor short-circuiting valve 

1-18. Simplified Diagram of the Power Control System. 

A simplified diagram of the power control system is 

c5rt!Sn] n Fl9U i 6 u"] 8 ' Mair1 parts the s vstefn are hydrogen 
storage vessel.* hydrogen compressor, control valve block 9 

and a servo-system (not shown) which controls the position 
of the control valve. 

, J° increase power, the control valve slide in Figure 

i-kI 8 J S J 110Ve - t0 the n ’9 ht * Thereby hydrogen flows from 
the high pressure storage vessel via the control valve 
to a timed supply system built into the engine. This 
timed supply S ystem mainly supplies hydrogen into the 
cy inders when the cycle pressure is near its maximum 
value. A gas flow into the cylinders without the timed 
supp y system results in an undesirable torgue drop during 
increase of pressure. y 

To decrease power the slide is moved to the left. 

?Hr n 2u the f ] rst ? art of the movement dumping of hydrogen 
from the engine via the compressor to the storage vessel 
lowers the power output* At the second part short cir- 
cuiting of hydrogen between the cylinders is added, thus 
giving a quick decrease of power. . . 

. The link between accelerator pedal and control valve 
is a servosystem which for different accelerator levels 
moves the control valve slide in such a way that an 
engine pressure corresponding to desired power output 
will be reached and maintained. 

Low idling speed is maintained by control of 
appropriate working pressure* using a speed sensor and 
the short circuiting valve. 

The hydrogen compressor is. -an oil -free, single 
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Figure 3-21. PI SO V4 Engine Module with Auxiliaries,.... 
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Figure 3-22. Performance Results for Pi 50 V4 Module of PI 50 Engine Showing 
Present Development Status (United Stirling). 
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3.3.2 NASA- Lewis Testing 

Lewis^S oht^in lf?Lh? del GPU " 3 Were P reserved and a >"e now being used by NASA- 
ehain^ t0 Tho i? reliable measurements of a more or less modern type of Stirlinq 
engine. The first report oh this effort (77 av) indicates that the machin " u 

failed testing. Figure 3-23 shows the GPU-2. Tests have 
-hown that the brake specific fuel consumption is about the same as that obtained 
by the Anw in their acceptance testing (See Figure 3-24) However the enonp 
The P dife a S sfl ? rt of th at originally obtained by the Army (See Figure 3-25) 
If!* ff e ray ce is suspected to be due to excessive leakage if gaspast the power 

ls being fixed and with minor repairs and additional instru- 
mentation it will soon be ready for detailed testing (as of December 1977), 
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;-24. Measured Specific Fuel Consumption for the GPU-3 


MEASURED ENGINE HORSEPOWER 



3-25. Measured Engine Horsepower for the GPU-3. 
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Engine 




Presently available physical characteristics af the GPU are given in Table 3-7. 
Volume displacement tests at LeRC indicate that max. gas volume exceeds calculated 
volume by about 20 percent. Table 3-8 gives the test points that NASA-Lewis intends 
to use to compare with various analytical models. The heater temperature is mea- 
sured by thermocouples in the working gas stream half way through the gas heater. 

It is considered to be a gas temperature rather than-a metal temperature. Note that 
there is no good way of measuring the cooler metal temperature and the inlet water 
temperature is as close as they can get. The experimental data, when available, 
will be provided in an addendum to and/or a second edition of this manual along with 
updated engine dimensions. 

3.4 FFV Engine 

FFV is a Swedish government owned industrial group which is 50" owner of 
United Stirling. They have produced an engine to power an auxiliary electric 
power unit for commercial and military applications. A number of these engine- 
generators are built, and are being demonstrated. The engine will be marketed 
in the United States by Stirling Power Systems of Ann- Arbor, Michigan. This 
company is owned by FFV (80.5*) and Thetford Co., (19.5"), a recreational vehicle 
equipment supply firm of Ann Arbor, Michigan. The first technical paper on this 
machine will be in late 1978, and the engine generator is planned to be for sVe 
to the general public in 1979. 



Figure 3-30. Rhombic Drive Schematic. 



Table 3-7 GPU 3-2 Engine Dimensions and Parameters 
(See Figure 3-26 for Overall Engine Schematic) 


No. of Cylinders 

Type 

Drive 

Working Fluid 
Design Speed 
Design Pressure _ 
Design Output 
Design Efficiency 
Bore 
Stroke 

Displacement 


Displacer 

Rhombic 

H 2 

3000 RPM 
1000 PSIA 
8.0 Net Brake HP 
26. 5 % 

2.75 in. 

1.208 in. 

7.175 in. 3 


Cooler (See Figure 3-29) 

Tube Length 

Heat Transfer Length 

Tube I.D. 

Tube O.D. 

No of Tubes/Cylinder 
Design Water Flow 
Design Water Inlet Temp. 


OLD 

1.76 in 
1.37 in 
0.040 in 
0.060 in 


NEW COOLERS* 
1.813 
1.408 
.0425 
.0625 


312 (or 39 tubes/regenerator) 
10 GPM/ Cylinder 
100°F 


Heater 

Tube Length 

Heat Transfer Length 


Tube I.D. 

Tube O.D. 

No. of tubes/cylinder 
Design inside wall temp. 


9.539 in. 
6.12 in. 


1.321 in. (completely insulated) 
between 1 and 2 ** 

3.06 in. from 2 up to 3 
3.06 in. from 3 down to 2 
2.098 in. (completely insulated) 
l from 2 down to 4 


.119 in. 

.19 in. 

40 (or 5 tubes/regenerator) 
1400°F 


* New coolers will be used in the baseline tests provided they are 
completed in time. 


See heater tubes in Figure 3-27 for definition of locations 1 — *-4 






Cold End Connecting Ducts (See Figure 3-27). 


Length 

Duct I.D. 

No. of ducts/cylinder 


,625 in. 
,235 in. 
8 


j' vli • 


i m 

\ • ( if 

i 


plus .0170 in. 3 
in cooler end cap 


N « 

1 Sl'i 

' * *N 

ti a 

f •: m 

f 4 


Regenerators (See Figure 3-28) 

length (inside) 

Diameter (inside) 

No. per cylinder 
Material 


Filler Factor 


0.89 in. 

0.89 in. 

8 

304 Stainless Steel Wire Cloth 
(308 Layers of 213 x 213 wires/inch X. .0016 in. 
diameter mesh) 

28.6 


• ;l 

i n 


Drive (See Figure 3-30) 

Connecting Rod Length 
Crank - Radius 
Eccentricity 


Miscellaneous 


1.812 in. 
0.55 in. 
0.813 in. 


Displacer rod diameter 0.375 in 

Piston rod diameter 0.875 in 

Piston diameter 2.740 in 

Displacer diameter 2.740 in 

Expansion Space Clearance Volume 
Compression Space Clearance Volume 
Buffer Space Minimum Volume 
Transfer Ring Dead Volume 
Dead Volume Due to Drill Holes 
at top of Engines Cylinder 


0.375 in. 

0.875 in. 

2.740 in. buffer side, 2.748 in.: comp, side 
2.740 in. 0 

! 0.252 in. 3 

imc 0.353 in. 3 

17.0 in. 3 
0.405 in. 3 


0.099 in. 3 


1 -■■■! 


* This is total volume of cold end connecting ducts. No clearance 
volume is' assumed between the displacer and the power piston.. 
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Table 3-8 

Test Points for GPU-3 for 
Comparison to Various Analytical Models 


Working Fluid: H 2 


Test 

Point 

Engine 

Speed 

(rpm) 

Mean 

Pressure 

(psi) 

Heater 

Temp.** 

(F) 

Cooler 

Temp.* 

(F) 

1 

1500 

300 

1300 . 

70 

2 

2000 

300 

1300 

70 

3 

2500 

300 

1300 

70 

4 

3000 

300 

1300 

70 



Working Fluid: 

He 


rest 

’oint 

Engine 
Speed 
(rpm) . 

Mean 

Pressure 

(psi) 

Heater 

Temp.** 

(F) 

Cooler 

Temp.* 

(F) 

5 

3000 

600 

1300 

70 

6 

1500 

600 

1300 

70 

7 

3000 

400 

1300 

70 

8 

1500 

400 

1300 

70 


Cooling Water Inlet Temp. - Is Not Controlled - Will Be At 
‘ Ambient Temp. 


Cooler 

Water 

Flow 

(GPM) 


6 

6 

6 

6 


Cooler 

Water 

Flow 

(GPM) 


6 

6 

6 

6 


Temperature of the working gas stream at Point 5 in Figure 3-27. 


SEE FIGURE 3.27 FOR 

details of this 

PART OF ENGINE 
EXPANSION SPACE 


CYLINDER 


DISPLACER PISTON 


COMPRESSION SPACE 


POWER PISTON 


CONNECTING RODS 


CRANKSHAFT 


SEE FIGURE 3.30 i 
FOR DEFINITION , , 

OF RHOMBIC 1 I 

DRIVE PARAMETERS 



HEATER 


REGENERATOR 


COOLER 


INTERCONNECTING DUCT 


SYNCHRONIZING GEARS 

X 


Figure 3-26. Schematic of Single Cylinder Stirling Engine with Rhombic Drive. 




TRANSFER RING 


COOLING 


0.0170 IN' 


© HEATER TEMP, 
rnp tmc 


0.125" 


FOR BASELINE 
TESTS 


'ho'oTS 

0 0 (t 0 I) V 

I E XP. SPC. 


0.625"! 


i I COMP. SPC, 


REGEN. 


II 


li 




COOLER 



Figure 3-27. 


Schematic of Working Space. (Indicates Different Regions of 
Heater Tubes, Compression Space Clearance Volume and Location of 
Heater Temp. Measurement for Baseline Tests.) 





Figure 3-28. Schematic Showing Dimensions Needed for Calculating Heat 

Conduction. (Black Dots on Regenerator and Cylinder Indicate 
Where Temperatures will be Measured.) 








Figure 3-29. 


Schematic Showing Arrangement of Regenerator-Cooler Unit 
Around Cylinder. (Also Indicates Path of Cooling Water Flow 
and Number of Heater artd Coder Tubes Per Regenerator.) 










4 - REV1EW OF FNR)I» e design MFTwnhc 

engines «ndTo*pare end S pfesent 4 1 t n°unders?a *5*15 ? ' d " understanding of Stirling 
designing Stirling engines First tr i ndabl a form the available ways for 

of the Stirling engine wili be explaiSed y fId Jh S,y « s the bas,c thermodynamics 
parameters will be discussed usIm a ,ffect of *Wtant design 

the methods Of calculatlno loss'JLf theoretical stepwise engine model Next 
crank operated will bj TlseStld IS ££^ 2“^ ^ when the engine U ' 

factors is defined he?ein as flm o?dlf lnai^?s“"' b1n6d w1th “P^ence 

presented°and°compared! ^Second^rder^nai ntJl ^ er of different sources will be 
or something similar Var?SSs wler lostif ’ S Sta r ts w1th tha Schmidt analysis 
Schmidt power. Various heat ld??*f r a lf SSe f *1* calculated and deducted from the 
- 5*at. All these enginl pr?cessel arfxss Ca,C Si' ated and added to the Schmidt 
dependent of each other/ are assunBd to proceed in parallel and in- 

SeCS of^odes b ? Prd f e " tad ‘ These analyses divide the 
govern this engine by numerical Ithnn 6 th ?^ a ! 1c deferential equations that 
abdrous, but since iwer assui?w d a S ‘ Thi / d order "*thods are much mo rf 
Is expected to be more accurate? 1 6 made ’ P red1ct 1on of engine performance 

the^ ^^"ysfs^^h^s^ufS 30 r h tiCl Pated * A thorough 

gained^by U making S avai?ab?e^the^rogress^to S dat to^be* 1 

expected that future support wifi enable **!?' ate *.. ln cpmplete as it is. It is 
described. It is also ejected ^thff DerforLt Vailable anal yt1cal methods tl be 
fully described engines will also be availlh?^ 6 S®?u Ur ?T ent s of a number of 
methods available and with dvatl able. With all the analytical 

also available, the designer will final Iv^ahr 6 ^^ to coi "Pare them against 
design method that meets his require^. able t0 chdosd with confidence She ' 

4,1 ^IiH£ E ngine Cycle Analysis 

wllfbrexpUineranf the^ffec^of^ 5 ^ therrndd ^ amfc s of a Stirling engine 
DreHf^* I he thermodynami c definu 2rofTs??rHnr Dli f at J 0dS wil1 be? 

^rS 3 ^ S?a " ;n ^°" d - hoating^and c^Hng 5 ^ compression ahd 

&K S2x KrrsrS 3- 

hergfe^ the engine is larger. There ’is a 


, 




■ ^ 
vyn 

7 

, •'*V 
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which approximates this cycle (73 p). The early machines built by John 
Ericsson used valving to attain cons tant p ressure heating and cooling (59 c), 
thus, the cycle name. 

The thermodynamic definition of the Otto cycle is adiabatic compression and 
expansion and constant volume heating and cooling, 1, 2", 3, 4", 1 in Figure 
4-1. The reason this cycle is mentioned is that the variable volume spaces in 
a Stirling engine are usually of Such size that their compression and expansion 
is essentially adiabatic since little neat can be transferred to the walls 
during the process of compression or expansion. An internal combustion engine 
approximates the Otto cycle, in real Stirling machines, a large portion of the 
gas is in the dead Volume which is compressed nearly isothermal iy so the loss 
of work per cycle is not as great as shown. 



1,2, 3, 4 STIRLING 
1,2 ' *3,4’ ERICSSON 
1,2", 3, 4" OTTO 



TOTAL VOLUME 

Fig ur e, 4-1. Theoretical Stirling, Ericsson and Otto Cycles. 


In Section 4-1* discrete processes of compression, heating, expansion and 
cooling will always be employed. Numerical examples will be used to make 
the processes clearer. The section starts with the simplest case and proceeds 
through some of the more complicated cases. The conclusions from this section 
carry over into the next section where the volufiie of .... th e variable volume spaces 
change sinusoidally... 
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IZZn <so t/>erma] 
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The wtorJic Joules 

"°™ c Cerement f s 

dw » Pcft/ _ 1000 

dV 

Ptegratfnp 


V 2 

1000 f 

I. 
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t Jv, 




“ = 1000 In /_50 I 

1100 ' * - 6M -M Joules 

!2^_*_"*.tt« because wort „ „ . 
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PV - „pr b J' tbe perfect 

c 

r r 9as pr6ssur o. w or MPa 

J volume. m a or cm3 Wa 
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HYDROGEN WORKING FLUID 

^^ G ^ C0MPRE$ ' 

SION AND EXPANSIO 

. - • - Volute? ISOTHEM^' COWPRES. 

\ SOT NO W*«'° N voluhe 

\\— cJSttssi* WO. 

\ \ EXPANSION 


\ X 

\ X 
\ X 

\ X 

?v.. 

900 K V 


900 K 


Is 

2'KIn 


adiabatic 


‘V 



300 R 


300 X 


GAS VOLUME 1 


Theoretical Cycles. 




R = universal gas constant 
8.134 Joule/K (g mol) 

T c “ co ^ SJ de temperature, K 

Thus 


(10 MPa) (100 cm 3 ) = n (8.314) (300) 
n = 0.4009 g mol 

Therefore, the formula for work normally given In text books Is 
W = nRT c In = -693.14 Joules 

the heat removed from the cycle! Ve ° f h69t ° f the com P ressi ’on of the gas or 

WO^^Ass^m^for^he mSmenfthat^he^f COn f ant vo1ume f ™m 300 to, say, 
no dead volume and is 100% effe^tive^ ThrU^th J hat suppHes this hea/has 
gas by the regenerator matrix is: * The heat that must be su PPHed to the 


(4-3 


where 


* hC v (T h - T c ) 

c v ■ Heat capacity of hydrogen at constant volume. 


(4-4 


J/K (g mol) 

= 21.030 at 600 K average temperature 
Therefore q(r) - 0.4009 (21. 030) (900-300) 

* 5059 Joules 

venerator is 7.3 times more than 

The pressure at state 3 after all gas has attained 900 K is: 

P * nRT H /V 2 

8 0 -4009 (8.314) (900)/50 
= 60 MPa 

by the same e iaws' S Is n thI wmpressS’ St3te 3 t0 St3te 4 (Fl ’ 9Ure 4 ‘ 1} 1s 9<>verned 
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w(out) = nRT.. In 17 - 

H V2 

* - 4009 (8-314) (900) In 1°° . 2079 . 4 JouUs 

easily plotted’whe^it*?® mrted'that PV = h (60 n MPa)(50 T CT3) Xpans<on line is 

= 3000 J) Joules 

Kene^Us^ 

q(r) = * c v < t h - T c> 

= .4009 (21. 030) (900-300) Joules 
= 5059 Joules __ 

The net work generated per cycle is 

w(net) = w(in) + w(oul) = -693.14 4- 2079.4 
* 1386.3 Joules 

The efficiency of the cycle therefore is 

0^7 - 

In general the efficiency is 


w(in) + wf out ] 

9 (in) 


V 2 

n RT C In v - 


+ " rt H £ 

w “ *— 


" rt h vj 


n = = 800 - 300 . 

T h 900 U.6667 ^ 

i «. t s h ?iSS5 t «Sl £ i , r2 h f ? s TL a -is 

4-1 - 2 Cycle, Zero Dead Volume. i mperfect Regenerator 

m around Consider an anno 

(See Figure 4-3J Assume - Sit heat ? r> r e 9 ene ^tor and cooler. 

that this annular gap has nealiaihlp Hoah °P?^ ates 1n a stepwise manner and 

effectiveness durln^ttetSsflJ ft Le J E be the ^generator 

space; * transfer. For the- transfer from cold space to hot 















For the numerical example being used here: 
n * - 900-30 .'’ 

900 + ILMiJI ‘j -7 s 

8?314 In ™ 0 ‘ E) 


600 

® + iltiuTS (I - E7 


liess for thifnmeri'ca^eMmpl'e ^Some^the ^f ct Sj. b ^. re 9enerator effective- 

SttOT*rffK-i. F JS5? Je'a « r !ow 9 reSe 9 I^It^ rked 
100 . effectiveness depends on a trade-off r^wilMsIulsefLe? S^" 



Sion and expansion i^isotherm^^burthe^eaH 0 ' 6 a 5 a,ys ! s 1n whicl ' the compres- 
volume or at constant pressure or a a 5? c0 ° 11 "9 ca " be at constant 

need to be the same as the Jool?S g a p “oe s ‘'Se'aal'’' heati !! 9 process »oes not 
allows for imperfect regeneration? Fo? a Stlrfina daad . volu '»o, but 

a sprung cycle he derives the formula: 



(y - 1 ) (t - 1) In v 
n ° o - e)(T - T) + t(y - TTT rTv 


(4-12 



where 





i 

t 


! 


! 

■j 


* t 
• ! 

. ■ ’ 
:! i 


n s cycle efficiency 


V - S /C v 

* * V T c 

v * V,/V 2 
£.= E 


Equations 4-12 and 4-11 are the same, just different nomenclature. Note that 
for e - E = 1 both Equation 4-11 and 4-12 reduce to .tfre_Carnot equation, 
Equation 4-6. 

Rail is (77 ay) also derived a formula for the Ericsson cycle efficiency: 


- (v - TKt -1) In v 

11 y(l - e)(r - TT+ x(y -1) In V 


(4-13 


Equation 4-13 also reduces to Equation 4-6 when e = 1, that is for perfect 
regeneration. To attain Carnot efficiency, the compression and expansion 
ratio must be the same. Rallis shows this using cycles which will not be 
treated here. 



ill 





: 4 * 



Rallis also gives a useful formula for the net work per cycle for the j ; j 

Stirling cycle: . j 


i 





W 


v(t - 1) In v 
(v - V)— 


For instance, for the numerical example being used here: 

W = (50-Cc) (10 MPa) 2 (3-1) In 2/(2-1) 

= 1386.3 Joules 

which is the same as obtained previously, 

4.1.3 Otto Cycle, Zero Dead Volume, Perfect or Imperfect Regeneration 


(4-14 


The variable volume spaces in Stirling engines are usually shaped so that there 
is little heat transfer possible between the gas and the walls during the time 
the gas is expanded or compressi • <. Analyses have been made by Rallis (77 az) 
and also by Martini (69 a) whKh assume adiabatic compression and expansion 
with the starting points being the same as for the Stirling cycle. For instance 
for the numerical example in Figure 4-2, compression goes from 1 to 2" instead 
of from 1 to 2. Expansion goes from 3 to 4" instead 




60 



cycJe°ts 3 lost!‘ U appears that considerable area and therefore work per 


tbe sama ^^oHhrisoth^r4rcase 7 pressure at Point 3 Is not 

1s°3 n 96 0 K P01 As thls^gas 'moves ^1 hto^the^hot^ th^gas^mpSlrr 

[n 6 thl°hrtt 9t ihe 6nd of the transfer process the m* 6 J° adiabat1c compression, 
in the hot space will be hlaher then ann°£ esS r, tbe mixe< 1 roean gas temperature 

“5 e3 M P K n at d thr e nd C of 1 th?s the 

also be considered. Sactlon 4 -’- 5 "hen the effect of dead volume will 




An 1 naff 4^4 a. — * w, x.Muerrerr n T nmt | n[) 

oei'c" 0 ! ch4 " sier ‘^ n «°tk 0 rea“l»d per^le^ut^'ll 9 ” l ’ eater and 34s cooler 
present In £ Sil SSlS 

Assume fha* 4* U K ^ L,e * 


a -w. miuuquic per cycle. 

cma We |ha? 1 ?hl a r r a " d cyl1nder wal ' (see Flgore 4 3) 

constant aC ?h *° the other fs “"I form a*7tt«T, 9,-adient fyom one end of 
nstant. The gas contained in this anHSlJs 1s7 pn!ssu, ' e Is essentially 
x = x 


n * If 


(4-15 


where 


z : *° ta1 volume of annulus 

A : f, d o x „ IrilZVT^lr^ of the *™"» 

y I ^f^oce along annulus 
X - total length of annulus 


I 


•1- - ! 
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i'" M 


T x ‘ T H • -jr < t h - T c ) 

By substituting and integrating one obtains: 

„ . _EV In ( V T r) 

S < T H ' V. 

Thus the effective gas temperature of the regenerator dead volume is 
T R = (T H " T c)/l«(T H /T c ) 

Wh1Ch 15 "V 09 “ a " t8 " PeratUre - ** «* humeri cal example: 


(4.-16 


(4-17 


(4-18 


T * 900 - 300 c . P 

R 77 900 = 546 *1 K ~ 

ln w 

Quite Often it is assumed -that T„ = V * T c . 900 * 300 

R 2 i ~ = 600 K. 

M -H. U,s important to 
Assume for the mo..ent tha. . ‘ dangers. 

30°MPa a (v300°atm) n is m a - ff ^““"^'’the^nd^f^he 04 '' be ma1ntai " e « a t 
compare engine ^cyc 1 es ^ha Miavp " th 1 ‘ (s ^^teVconcLTjh ?" St, * e > 
is used to site the engine wall IE® p4ak Pressure bec?us£ th^ U,d 
be sized on the hacie waM thickness. However ,? e W1s Pressure 

"C IT r £S 


(4-19 




* 0.7313 g mol. 
Tht e,uatton-for the gas expansion U: 

p • fi-- ■ -fcaiaittJUL 

t h V S°0 53I7T 


(4-20 


where A = 5472. 


B = 82.4 






Figure 4.5 shows how dead volume as % of maximum total gas volume ejects * he 
wJ?k per cycle. For more generality the work per cycle is expressed as a *- 
of the work per cycle at zero dead volume. Note that the relationship is 
almost llnea? This curve differs from that published by Martin (77 h) rn 
that in Figure 4-5 the pressure at the end of the expansion stroke was made 
the same average pressure). In the previous Figure 2 of reference.77 h. 
the minimum pressure was made the same. This caused the A a ^erage_pressure 
decrease more rapidly as dead volume increased. Figure 4-5 is more, truly __ 
representative of the effect of dead volume on work per cycle. 



Figure 4-5. 


Effect of Dead Volume on Work Per. Cycle for Isothermal Spaces 
and Constant Average Pressure. 
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4,1.5 Combined Stirling and Otto Cycle Vari a ble Dead Volume, Perfect _ o r 
Imperfect Regeneration 

If the hot and cold spaces of the Stirling engine are free of heat exchange 
surface as they usually are, then compression and expansion in these spaces 
takes place essentially adiabatically. Assume that the heat exchangers and 
regenerator are placed. as shown in Figure 4^3 so that gas entering the hot 
space is at hot space temperature. Assume further that: 1) the gas in tne _ 
heater Is at heat source temperature, 2) the gas in the cooler is at heat sink 
temperature and the gas in the regenerator is at the l^g mean temperature 
between these two, Assume that the dead volume is distributed as follows: 


heater 

regenerator 

cooler 

Total 


10 cm 3 
30 cm 3 
10 cm 3 
50 cm J 


Assume as before that the cold space Is compressed from 100 cm3 to 50 cm3 while 
the hot space Is zero. Transfer takes place to the hot space with the total 
volume held at 100 cm 3 . Expansion takes place in the hot space from 50 to 
100 cm 3 . Finally, transfer occurs back to the cold space with the total volume 
held at 150 cm 3 . We will now follow through this cycle and keep track of 
pressures. Using a gas inventory of 0.7313 g moj, as before, the initial 
common pressure is: 

p > = v h S (4 ' 22 

V ^ r * T c ’e 


assume: 


Therefore. 


0.7313 (8.314] 


\ = "0 , TO I _30 A 18. A M 

M OT + OT7T OT OT 


14.051 MPa 


Now let V c$ go from 100 to 50 cc, V T from 150 to 100 cc. 

During the compression stroke the gas In the col Id space Is comp 
batically and the gas in the heater, regenerator and cooler is compressed 

isothermally. Thus: 

n, 7313(8. 3141 i 


C U , 1U A VW - x , + mr—— 

MOT OTTT OT 

Also -the adiabatic compression law applies to„the cold space. 
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where k * 1.40 * C p /C v for hydrogen. These two equations in two unknowns are 
Solved, Equation 4-24 is solved for Tq^ and Substituted in Equation 4-23. The 
Pg is determined by a secant method of approximation using a programmable 
calculator. Thus: 

T c$ * 354.92 K, P 2 * 25.31 MPa 

From state 2 to 3 (see Figure 4-2) gas is transferred at no change in overall 
volume. . The gas from the cold space is cooled down to 300 K as it enters the 
heat exchanger. It heats to 900 K in the regenerator and gas heater and enters 
the hot space at 900 K. As elements of gas enter the hot space, pressure in- 
creases. This pressure increase causes the firit elements to attain a tempera- 
ture higher than the heat source temperature. Assume that the gas in the hot 
space is thoroughly mixed at each stage. Assume that 5 steps are accurate 
enough to define the process. This will. be checked later. By the gas law: 

0.7313 (8,314) 


6.08003 


■jr - + 0.09938 + 
HS2.2 


CS2.2 


also by the adiabatic compression law 
T /P \ 

t c 

T CS2.0 v 2.0/ , L 


T CS2.2 “ 354 


T HS2.2 = 900 


(hx ) 

\ZT3r/ 


0.286 


combining 


6.08003 
+ 0.09938 + 





1 • 1;. 






W'f 

id ! 


'^is 
' " ' 1 



S* a L°!f $ a,bu,at < 0 " " aa ^ ~Witle.1T,. 

S"^ 

sS"S^ 


9l y?5 in * he literature- for solving the above problem 

S«?J£ a „ T j i 9 ,:;> p ^ s Su t th e S a h t lfL^ ch pr e bab ^ r' 
S£~gK ■»* «w twr^ittVtX J2.‘ilil!l; V? 1y 

»«• p^r ^iu^r , i£2^tMr?rs-sK8Si^ Jtern. 

the number is not known. Rios did not actually use such fine divisions ? 9 


4>1 * 6 Conclusions from Cycle Analysis 


U kXS'SrSt cy r cu!° n CyC,6S haVe the Same ,(mU, "9 efficiency as the weJl 


2 ' soSe°efH?fenc“SnJo u ; e on| d *° * tta1 " h1gh aff1cie " cy but tha <**. h» 


backed U P b y an adequate gas heater and gas 
hen^llredpercycle W ° rk raamed per cyc1a but “ 1n add t0 «" 


Dead volume has an almost linear effect on work available per cycle That 
I L half the maximuItl 9 as volume in the engine is dead volume ^.+ at 


5 ' Syslar*** effeet,ve *•*•**" f ° r «■ regenerator Is the log *ean 


At the usual dead volume ratios used in Stirlina enaines i-h* orMr 
realistic J5ia?n!;c P sp r aces 1 1s U 1 , o P ? a?®*™* 1 Spa “ s ,nstead of the *°" i 



in 
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Table 4-1 

Effect of Adiabatic Spaces on a Discrete 
Stirling Cycle with Dead Volume 

I jh *! Joq C 5%!' RD " VCD = 10 cm3 
TH - 900 K, TR = 546.1 K, TO = 3QQ k 


14.051 

25.31 

27.61 
30.22 
33.21 
36.57 
40.38 
26.41 
27.60 
28.86 

30.20 

31.62 
33.14 
34.76 
36.48 

38.31 

40.27 
38.68 

37.20 
35.81 
34.52 

33.31 
32.18 
31.12 
30.11 
29.17 

28.28 
28.28 
26.66 
25.23 
23.94 
22.78 
21.73 
20 77 

91 


900 

1064 

923 

936 

949 

962 

975 

911 

917 

923 
929 

935 
942 
948 
955 
962 
969 
951 . 

936 

924 
912 
902 
893 
885 
878 
871 
865 
865 
851 
838 
825 
814 
803 


I 


300 

355 

364 

374 

384 

395 

406 

359 

364 

368 

373 

379 

383 
388 
394 

399 
405 

400 
396 
392 
388 

384 
380 I 
376 
373 
370 
366 

m 

295 

293 

291 

289 

287 


Comment 

initial Conditions 
First Compression 

Gas Transfer to 
Hot Space at 
aV = 10 cm 3 


Duplicate Gas Trans 
fer to Hot Space 
at aV = 5 cm\ 

Only 0.32! error in 
P by using aV = 

10 cm 3 which is 
acceptable. 


Expansion in the 
Hot Space aV = 

5 cm 3 . 


Transfer to Cold 

Space AV = 5 cm3. 



Table .4-1 , P»9 e 2 


Comment 


35 

30 

25 

20 

15 

10 

5 

0 

0 

0 

0 

0 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 


65 
70 
75 
80 
85 
90 
95 
100 
90 
80 
70 . 
60 
50 
40 
30 
20 
10 
0 
0 
0 
0 
0 
0 


15.93 

15.42 

14.95 

14.50 

14.09 

13.69 

13.32 

12.98 

14.42 

16.13 

18.21 

20.75 

23.91 

26.35 

29.15 
32.40 

36.15 
40.52 
37.39 
34.68 
32.31 
30.22 
28.37 


736 

729 

723 

717 

711 

705 

700 

695 

716 

739 

765 

794 

827 

925 

939 

954 

970 

98* 

gag 

922 

901 

884 

870 


277 1 
276 1 
275 
274 l 
273 ( 
272 
272 \ 
271 ) 
279 1 
288 
298 j 
310 
323, ) 
332 1 

341 ! 

342 
363 
375 
367 
359 
352 
345 
339 


Transfer to Col' d 
Space aV s 5 cm . 


Compression in 
Cold Space AV - 
10 cm 3 . 

Transfer 1» Hot 
Space aV ■ 10 cm - 

- 0.6% error in closure 
of P at this point. 

Expansion in Hot 
Space aV - 10 cm’. 

_ 0.3% error in 
closure of P at - 
this point. 

. . AM 


PRESSURE, MPa 


40h 


35h 


30 h 


25h 


20h 


151 
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. Comparison of Adiabatic. and Isothermal Hot and Cold Gas Spaces 
for 33% Dead Volume. 
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4 i 2 First Order Design Methods 

In the preceedlng section the thermodynamic principles were explained and the 
effect of dead volume, regenerator efficiency and adiabatic versus isothermal 
variable volume spaces were discussed using a Stirling engine model in which 
the 4 processes of compression, heating, expansion and cooling are entirely 
separated . 

In almost all Stirling engines the displacer and the power piston or the two 
power pistons are moved with a crank. Therefore, the four processes overlap. 

The heart of the first order design method is the computation of the output 
power when the parts move sinusoidally... 

There are basically two ways to attack this problem, numerically and analytically. 
In the numerical method the hot and cold volumes of the engine under considera- 
tion are computed for a number of times during the cycle - say every 30 of 
crank angle. The dead volume is also computed. The effective temperatures of 
the hot, cold and dead volume spaces are specified. Also the gas inventory 
is specified. It is assumed that at each crank angle the pressure through- 
out the engine is the same. Since the temperature and volume of each gas space 
is specified, the common pressure at each crank angle is calculated using the 
perfect gas law. The gas pressure is then plotted against the total gas volume 
and the area of the closed curve is measured to give work output per cycle. 

The maximum and minimum pressures are also noted. 

In the analytical method the movement of the machine parts are specified 
sinusoidal with a specified phase angle difference between them. In the same 
way as in. the numerical method, gas temperatures in the different parts of the 
engine are specified and are assumed to be constant. Then using the methods 
of calculus the pressure-volume diagram for the engine is integrated for the 
general case. Gustaf Schmidt (1871 a) was the first to do this and publish 
his results. Since then, a number of authors have presented formulas based 
upon the Schmidt analysis. 

In this section the analysis will be divided into piston-displacer engines and 
dual piston engines since some formulas work for one type and some for the 
other. Within each subdivision the numerical method will be explained and a 
sample problem will be worked out showing the work diagram and an approximation 
of the integral. Next the analytical equations will be presented and the same 
engines will be calculated using these equations. If the equation is valid 
the same numerical result should be obtained. Finally, a survey will be 
presented of published comments which relate the Carnot efficiency to the 
actual efficiency of real engines ancLwhich relate the indicated power output 
to the power calculated by the Schmidt analysis. 

4.2.1 Piston - Displacer Engines 

4. 2. 1.1 Engine Definition 

The nomenclature for engine internal volumes and motions is described in 
Figure 4-7 and 4-8. The following equations describe the volumes and pressures: 
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AHD = area of hot face of displacer, crrr. 

VHD * hot dead volume, cm . 

STD = stroke of displacer, cm. 

VRD = regenerator dead volume, cm . 

VCD = cold dead volume, cm. 2 

ACD = area of cold face of displacer, cm . 

VPL = power piston live volume, cm'. 

TH - effective hot gas temperature, K 

jr = effective regenerator gas temperature, \ 

TC = effective cold gas temperature, K 
M = engine gas inventory, g mol . 

R = universal gas constant, 8.314 0/g mol-K 
p = common gas pressure, MPa. 

PHI = crank angle, degrees. 

ALPH = phase angle, degrees. 

Figure 4-7. Piston Displacer Engine Nomenclature. 


VHL = AHD (STD) 
VCL » ACD (STD) 


Hot volume, 

VH « 

Cold volume, 


VHL 

T" 


j^l - cos(PHI)] + VHD 


VC 


1 


1 


VPL 


- VCL 1 + cos(PHI) + VCD + 2 


J 


0 


cos(PHI - 


(4-28 
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VCD includes the dead volume in the cooler as well as the dead volume between 
“the strokes of the displacer and the-power piston. According to the class- 
i f i cation of engines given in Figure 2-6, the gamma type machine must have some 
volume between the strokes to allow for clearance and the flow passages between. 
In the beta type engine the strokes of the displacer and the power piston over- 
lap so that they almost touch at one point in the cycle. This over! ap_ volume 
is subtracted from the dead volume in the cold heat exchanger. a ® a 
type engine with this type of stroke overlap and ALPH = 90° and VCL = VPL 


then VCD = VCDHX - ^ (2 -V?) = VCDHX - VPL (1 ) where VCDHX = cold 

dead volume in heat exchanger. 


4.2.1.? Sample Engine Specifications 

In order to check equations which look quite different, it was decided to specify 
a particular engine and then determine if the work integral checks. The speci- 
fi cation decided upon was; — .. 


M(R) = 10.518 0/K 
TH =600 K 
TC = 300 K 

VHL = VCL = VPL = VRD = 40 cm 3 . 

VHD = VCD = 0 
ALPH = 90° 

TR is defined. a number of ways, depending how.it is defined in the analytical 
equation that is being checked. .It may be: 

(1) Arithmetic mean (Walker) 

TR = (TH + TC)/2 = 450 K 

(2) Log mean, most realistic 

TR = (TH - TC)/ln(TH/TC) = 432.8 K 

(3) Half volume hot, half volume cold (Mayer) 

1 _ 1 .1 

tr “ ?[tht + tw 

TR = 400 K 

The above sample engine specification is for a gamma engine. For a beta engine 
assume in addition that VCDHX = 0 then: . 

VCD = 0 •* 40 (1 - > 4jr) s - 11.715 cm 3 


4. 2. 1.3 Numerical Analysis 

Using the numbers given in Section 4.2. 1.2, Equations 4-28 to 4-33 can be 
evaluated for PHI » 0, 30, 60, . . ., 360, P can be plotted against VT and 
the result closed curve can be Integrated graphically and the maximum and min 
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US* rJS;,t 1 s; 1 si t s r ; , 5r l K r, '!:“ w1th a number ° f 

or a computer then the computation be S ™S» eS M° a P^ramiMble calculator 

; ed th ; rothod as -«■- a £&*. 
ob ta1ned 6 for°the humeri cal ^xampuf 0 *" tei " Perature «• following results were 

^Pdv 

314.36 Joules 
322.56 
327.53 
328.78 
329.1994570 
329.2005026 

The Mayer equation win • 

STS. !S* : ~ «.«.« -r. 


DELPHI 

30° 

20 

10 

5 

0.2S 

Mayer equation 


£ Error 

4.5 

2.0 

0.50 

0.13 

0.0003 

0 


DELPHI 


^Pdv 


360.45 


max 


If the log mean average Is used TR . 432.8 K then: 
DELPHI 


58.10 MPa 


1' 


^Pav 

350.04 


max 


PHI for 
P 

max 

117° 


PHI for 
P 

max 




56.99 MPa 117° 

P^to^aronewfnl ^ntte^ycVvCD 3 t0ucM " 9 dfs P'^ and power 

Q<-2d volume temperature TR = 450 «. Then-* 715 Cm * For the anthn1et1 ‘ c average 

rt PHI for 


DELPHI 




^>Pdv 

516.32 


max 


max 

117° 


76 


74.0862 117 w 

"*I nly of academi c Interest 

j n me Tina 1 power output and 






















! I 


J --L 


! ! 


'• 


efficiency should ever be exD«rt«w ru 

n^- d , ins1 9nif1cant. Ther^fore^ DELPHi le f! than 1% should be con- 

practical purposes. ore ’ DELPHI = 15° would be adequate for all 

4 -2.1.4 Schmidt EouatW 

relatively slmpWonMfJS S)f 6r reduced the Schmidt Equation to. the following 


w * jlLRKl cj(27r)B(vpi r 

B 2 + C 2 Li 


where: 


(A 2 - B 2 -> C 2 )^ 


(4-34 


W - work per cycle, J 

J * 9 as inventory, g mol 

t r ! HI constant = 8.314 J/g mol • « 

TH = fff eC 5* Ve u 0ld 9as tem Perature,K 
effective hot gas temperature ,K 


A =. VCO + I£ (VHO) 


VCO - + VDC + ~k + VRD 

VHO = VHD + + VRD 

2 2 

VI = VPL /2 

B - m/, _ 


B = T^ 1 " ^)sin(ALPH) 

C = [VPL - VHL(1 - ^)cos(ALPH)]/2 
alph - phase angle between ditplMtr and power pjstoni nomai)y goP 

From the sample engine specifications: 

A n 


VCO = 4? + Oj « + 40 J .6 3 

2 2 2 69 cm = 60 x 10 m 

VHO = 0 + T + T = 40cm 3 = 40 x 10" V 

A * 60 x JO" 6 . |0(40 x 10 - 6 ) = 8 x 10 “V 


B a jO.x 10 - 300. 

2 6 U m ) * 1 

r = 40 x 10 ' . .5 3 

c 2 = 2 x 10 m 


x.lO' 5 m 3 


Using these inputs the Mayen equation gives: 
W - 329,2005026 Joules 
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The Mayer equation evaluates the Integral exactly given the assumptions that 
were used in its derivation* like sinusoidal motion and half the dead space 
at hot temperature and half at cold temperature. The .numerical method (Section 
4.3. 1.3) approaches this same value as the angle increment approaches zero. 

The Mayer equation must have VHL ■ VCL. That is, it cannot consider the effect 
of the displacer drive rod. 

J. R. Senft (76 n) presents a Schmidt equation for finding the energy generated 
per cycle. His assumptions are the same as have been made so far with the 
temperature of the. dead space gas having the arithmetic mean between the hot 
and cold gas spaces. This equation is for a beta type engine with the displacer 
and power piston essentially touching at one point during the cycle. His 
equation is: 

h 

/. \ P ma Vjksinci r v y 

y ± tt(1 - t) max d Y - x 

Y + (Y 2 - X 2 )* 5 I Y + X 


where 

X = [(t - l) 2 + 2(t - 1) k cosa + k 2 ] H 

Y = t + 4x t/ ( 1 ♦ t) + D 
D = (1 + k -2k cosa) 2 


In order to illustrate and check this equation it is evaluated for a specific 
case previously computed by numberical methods. (See Section 4. 2. 1.3 for TR = 
450 K and VCD = -11.715 cm 3 .) 


V. = volume swept by displacer = VHL = VCL = 40 cm 3 

d o 

V p = volume swept by piston = VPL = 40 cm 

V D = volume of all dead space = VRD + VHD + VCD s 40 cm 3 

X = V D /V d = 40/40 = 1 
k = V p /V d = 40/40 = 1 
a = phase angle = ALPH = 90° 

= maximum pressure .attained during each cycle * 74.0862 MPa 
nax 

D = (1 + 1 - 2(l)cos 90°) 2 -V2 
Y = 0.5 + + VT= 3.247547 

X = [(0.5 - l) 2 + 2(0.5 - 1 ) ( 1 ) (cos 90°) + 1 ] « 1.118034 
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.1 J . I :.!■ 4 , !. , 

' "I -1'>’ " bf:V 


[*♦*] 


0.698424 


Y + (Y 2 - X 2 P = 6.296573 

u = it (1 - 0.5)(74.0862) (40) (1) sin 90° (0.69 8424) 
6.296573 * 

= 516.33 Joules 


516%l1S5L 49r 1i„frW e l , , W lf h ™ sult 5 obta1 "f d * num erica1 methods of 


Y = TT+ t)' + 1 + T + k 


(4-36 


Therefore: 


4(U(0.5] 


(fry) * 


+ 1 +0.5+1 = 3.833333. 


74051 3 


Y + (Y2 . x*) 1 * = 7.50000 

f° ax a9 - r 1 8 W !o th Mp2 e " umer1cal anal > s1s of Section 4.2.1. 3 for TR = 450 K. 

Thus: 

U = ill - 0.5)( 58.l0)(40)sin90°(0. 7405 131 
7.50000 . L 

W = 360.45 Joules 

r or DELPHI ■ ,0 - 

This new Senft equation Is also correct. 

ara a !"0«1dal. The regefier.ior 1s™45?ef« being he f at 
e$ua?1oVu? te "” >erature and half at the cold volume temperature. His 


K* V V 

Output Power = -L2. *1 sin 

a V M V 

T c + r AT 

u V M 


(4-37 
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where: 


F * mean pressure of working gas, or pressure with both displacer and .power 
piston at mid-stroke. (With the approximations used, these two pressures 
can be regarded as identical.) If the mean pressure is known, it can be 
used directly in Equation (4-37). Otherwise the mid-stroke pressure 
can be calculated as follows: 


P = VHL . VRD . VLC . VPL 

+ ~ nr + ttf + ,rrr 

. 10.518 

~ ITT 40 . 20 . 20 
410 O 150 

P * 40.59 MPA 

= operating frequency, radians/sec 

= 2 jt so that output power in watts is numerically equal to 
power per cycle, Joules 
V £ = VHL =40 cm 3 

V Q = VPL = 40 cm 3 

V M = total gas volume of system when output piston is at midstroke 
M - VPL 

= VHL + VRD + ^ 

= 40 + 40 v 20 = 100 cm 3 
AT =T e - T c = 600 - 300 = 300 K 

e = phase angle = a =90° 

V r = cold gas volume with both piston and displacer at midstroke 
^ and regenerator volume split between hot and cold volumes 

_ VRD . VCL . VPL 

- — T —g- + — 7j— 


output power 


s !■ + 7 + T B ^ cm3 


_ 40*59(2*) 40(40] 
8 “100 


300 + 


(300)1 

1577 


(300) 


= 318.79 Joules/cycle 
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Because of how V 1* ^ 

equation, that Is, to 329. 20 joules. inererwc, un +he accuracy 

“thi !MS. S ?rirS t ^.is^r^ku r Twa,efonn is then 
more nearly sinusoidal. 

4.2.2 Qua! Piston Engin es 

4,2. 2.1 Enaine Def i nition and Sample Engine Specificatio ns. 

ssr iis 1 lu-i. 

case. The following equations describe the volumes and pressures. 


(4-38 


(4-39 


(4-40 


Hot Volume 

VH "'^pfl * sin(PHI) j + VHD 
Cold Volume 

vc = VCL ^ . s in(PHI . AL.PH)] + VCD 

Total Volume 

VT = VH + VC + VRD 
Engine Pressure 

D M(R) ( 4_41 

p ° VH . VC , VRD 
TFT TC TR 

4. 2. 2. 2 Numerical Analysis 

Using the assumed values given in Figure 4-10, Equations 4-38 to 4-41 were 
evaluated for PHI = 0, 30, 60, . . . 360. The results were: • 
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Symbol 

VHD 

VRD 

VCD 

VHL 

VCL 

TH 

tc 

tR 

M 

R 

M(R) 

P 

PHI 

DELPHI 

ALPH 


Definition 

hot dead volume 
regenerator dead volume 
cold dead volume 
hot piston live volume 
cold piston live volume, 
effective hot gas temp, 
effective cold gas temp, 
effective regenerator g. t. 
engine gas inventory 
gas constant 

common gas pressure 
crank angles 
crank angle increment 
phase angle 


Units Assumed Value 


cm 3 

0 

cm 3 

40 

cnr 

0 

cm 3 

Q 

40 

cnr 

40 

K 

600 

K 

300 

K 

450- 

g mol 

1.265 

J/g mol'K 

• 8.314 

J/K 

10.518 

MPa 

degrees 

to be calculated 

degrees 

( DELPHI )N = 360 

degrees 

N * integer 


Figure 4- 10 . Dual Piston Engine. Nomenclature 


and Assumptions for Sample Case. 



in Fl *9 ure 4-11 and graphically integrated. A value of 
695.3 J was obtained. As before, a numerical integration was carried alona 

be 43uc:d r tlVf“": o “%Se t rlLlts y ortl!td C Sere‘ 6q “ atl0 " S ’ DEL ™ ShOU,d 


[■ : 


DELPHI 


$>VdP 

joules 


% Error Due 
to DELPHI 


668.8 

696.8 
700.324 
641.284 
671.517 

587.9 
615.-619 


91.87 


91.98 

89.121 

89.220 


83.831 


450 

450 

432.8 

432.8 


i 1 ■ 1 






Note the difference In the result depending cn what Is used for the effective 
temperature of the gas in the regenerator. If the regenerator has a uniform 
temperature gradient from hot to cold, which it usually does, then the log 
mean temperature (TR = 432.8 K) is correct. The arithmetic mean (TR-= 450 K) 
gives a result for this numerical example 4.3% high. The assumption that the 
regenerator is half hot and half cold (TR = 400 K) gives a result 9.1% low. 



50 60 70 80 90 100 110 

VOLUME, cm 3 


Figure 4-11. Work Diagram for Dual Piston Sample Case (DELPHI = 30°). 


4 . 2 . 2 . 3 Schmidt Equations 

Walker (73 j) gives a Schmidt equation most adaptable to the two piston engine. 
Using his nomenclature it is; — 
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k 

> j 
.1 



T 



where 


< p ma x- V T ) ’' 


- 1 


+ 1 


T+fi) / l + 


/ 


6 sine 


i 7 )* 3 


(4-42 


max 

V T 


= work per cycle, Joules 
* maximum pressure during cycle, MPa 

■ V E + V c = (1 + k)V e 

V E = swept volume in expansion space = VHL 

V c = swept volume in compression space = VCL 

k = V r /V F , swept volume ratio 

t - T C /T E 

Tq = compression space gas temperature = TC 

T e = expansion space gas temperature = TH 

T n = dead space gas temperature = TR 
D = (T c + T e )/2 

6 - (t 2 + 2tk COS a +k 2 ) V(t + K + 2S) 
a 


= angle by which volume- variations in expansion space lead those 
in compression space, degrees 
S = 2Xt/(t + 1) (This is where the arithmetic average temperature 
for the regenerator enters.) 

X = VrVVr, dead volume ratio 


V D “ 
6 = 


VV 

total dead volume, cm 3 = VHD + VRD + VCD 

tan' 1 (xsin <x/(t + kcos «)) (Note that e defined incorrectly 
in Walker's table of nomenclature and on page 36, but is ngnt 
on page 28 of reference 73 j) 


Now in order to check this equation against numerical analysis it should give 
a work per cycle of slightly greater than 700.324 Joules when 91.98 MPa is used 
as the maximum pressure. TO s 450 K is the same assumption for both. (See 
Section 4. 2.2. 2.) 
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ascsj *'**• 


Therefore: 


Vj = 40 + 40 = 80 cm 3 
k = V C /V I£ * 40/40 = 1 


max 
t = T./T 


91.98 MPa 

300/600 =0.5 


c' ’E 

X = V D /V E = 40/40 = 1 

5 = 2(1 ) (0.5)/ (0.5 + 1)..= 2/3 

6 = (0.5 2 + 1 2 )V(0.5 + 1 + 2(2/3)) = 0.39460 
0 = tar.” 1 (1/0. 5) = 63.43° 

P = -700.37 joules 

Thus the formula checks to 4 figure accuracy except for the siv 

• ab ?-f eq ° ation alon 9 with most of the nomenclature from 

fSrmCla nn ni! ll J erature - Mel ^r*s thesis (60 c) contains the same 

formula on page 12 of reference 60 c, except he uses (1 - t) instead of 

[x - 1) and a positive result would therefore be obtained. 

hMtfle er l S tbesi i ( 60 ^ ’ t t ie quantity S is defined so that dead spaces in 
heaters, regenerator and coolers and clearance spaces in the compression and 
expansion spaces, all of which have different temperatures associated with 
them, can be accommodated. tn 


Thus: 


s*n 


s *£ 


s=l 


V s T c 
\ T s 


(4-43 


S n r ® T s are the volumes and absolute temperatures of the dead spaces 

U would be P° ssl ' b1e To use the more correct log mean 
temperature for the regenerator. Thus: y 


40(300) 

40(432.6) 


0.693 


The above equation then- evaluates to: 

P = 671 .537 Joules 

TScreAln ts ‘ ( s ea °S e??i Tl) 0f 67L617 com P ute,:1 "“ TOr1 «ny for 1 degree 
the k wi S rk e Jer ( e°c)l : in<!ePen<ie " t,y ° f Me1Jer der1ved the fol,ow,n 9 formula for 


P ' ™(%m) 


(4-44 
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where 


f K (p> * 


™o +■ 


From his derivation it is apparent that his nomenclature runs parallel to that 
used by Walker. Thus: 

n s <i t = t, a = a, V= X, v= 2S , p = 6 , . T = T 

c 

and v = V E also Finkelstein's WR is equivalent to M(R) used in the numerical 
analysis. When these transformations are made: 

p = - t) ( sina)M(R)T r ^ ^ 

(t + < + 2S ) 2 A - .i> 2 ( 1 + A - S 2 ) ^ ^ 

Using the last numerical example: 

C - 40(300) n - Q - 
" ~ 40(132.8) ~ 0, 693 

x = 0.5 

K = 1 n 

a = 90° 

M(R)T C = 10.518(300) = 3155.4 

6 = VI. 25/(1. 5 + 2S) = 0.38735 
P =-671.55 

This compares to 671.537 by the Meijer formula and to 671.517 by numerical 
analysis with 1 degree increments. Therefore, the above formula also is useful 
in computing the work output per cycle. Note that this formula employs the gas 
inventory instead of-the maximum pressure. 

Zarinchang (75 d) presents a formula for the work output per cycle of a dual 
piston engine. It bears a superficial resemblance to the Walker equation but 

In ld ? ntl ?J 1 .V r ? asi1 y converted to it. It will now be evaluated numerically 
to determine if. it gives the right answer. y 

- ” k(1 - P max V, may vrrr7j sino 


irk(l - t) P v, 

max l.max 


W_= max ' i.max ' 1 [ a,,n 

" (t + k + S) vtTTTT (1 +vT^f^ 


(4-46 


wnere 




'-work output per cycle, joules 

! cn III ° f ? W ! pt !u lume °r compression space to expansion 
space, - 1 for the sample problem being used. 

! temperature ratio 300/600 =0.5 
! maximum pressure = 91.98 MPa 

' ?n S r™ference e 75 SW d ? = 40°'™ ° f eXPanSl °" SPaCe> " 0t def1nelJ 


I ^ 




I : 


p .Vri J*'. X* ^ COSiX 

* rtf tv + $) 

u phase lag of the crank for the compression space piston 
behind the crank lor the expansion space piston - 909 
S proportional dead space referring to swept volume of the 
expansion and reduction to lower temperature 
s 4\t/(l + t) Arithmatic mean temp, for regenerator, 
x ~ tatio of total dead volume— to swept volume of expansion 
space - 40/ ''10 = 1 

Evaluating: 

S 
F 
W 


However, if F is. defined the same as a of the Walker formula, that is,, put 
a square root sign over the entire numerator, then F = 0.39460 and W - 700.37 
exactly the same magnitude as obtained with the Walker formula. Thus it is 
showiiafo Zarinchang formula is also valid after it is corrected as 


a 4(1 )(.5)/l .5 = 4/3 
_ 0.25 + 1 + 2( . 5) (1 )'( OJl n ^ 

“TXT r T‘47 3) A ' " 0,441 

= 669.408 Joules . 4.4:'; low compared to the Walker formula and to 

numerical analysis 




1.3 E> 


Factors 


Once the Schmidt and the Carnot equations have been evaluated for an engine 
a rough estimate of its power output and efficiency can be made if it is designed 
similar to an engine- for which test data exists. y 

Figure 4-12 shows how. experience factors can be applied after relatively simple 
calculations to obtain ball park estimates of the size, weight, and efficiency... 
for a particular output power level desired. 

Ipeed 1 of t ooo?atlln L "",ve^ a » a S a ” ?. 9il,e for wllich * ou know ‘he dimension, the 
ipeea ot operation, average operating pressure. tvDe of pt-mine. f, \ 

and input and output metal temperature. FraVthf^InfoStion one cin 

hi a r', US ; n ? V' e a PP™P>'1<»te Schmidt equation fro , t he p receeS n g sec o ns 

”«"* -Xfect 


where Q c = basic heat required before losses are added. 

01 erKJ,lle Pressure and power piston displace 

Peed is the Z sL.a W - rl : d, t 9 '; a " 1 ' Tl,e area of th1s times engine 

speed is the measuied indicated power, W r . The heat innut to thn onnirm n 

water 6 to°thlll^i? i n n l ,y .' l ' ea n U . ,Jd by a ‘X the heat at’soi-bed by the 'coo ling 
wate, to the power output. Q „ considerably greater than Q,„ The indicated 


a 


i 


r 


♦ . 




efficiency, n» is Wr/Q. Some of the measured indicated power is absorbed by 
friction in the seals and cranks of the engine, brake power, W R , is the power- 
that can be measured on the output shaft by measuring the braking torque and., 
the-speed. The mechanical efficiency is W^/W... The brake efficiency is. 

'>□ = Wg/Q. To operate independently, most engines require auxiliaries. For a 
typical Stirling engine a fuel pump, a combustion air blower, a water pump, a 
cooling air fan and a working fluid pump ancLa generator would, all draw power 
from the engine. The net brake power, W wn ,_is what is left. Net brake 
efficiency is n NB = W nb /Q. nb 

The efficiency experience factor is of three kinds: 

1. indicated, n/n c 

2. brake, n B /n c 

3. net brake, n NB /n c 

These efficiency factors are -expressed in the following tables as a percent 
of Carnot efficiency. 

Power efficiency factors relate the power realized to that calculated by a 
Schmidt equation. .or equivalent. 

1 available information that would allow this efficiency and power experience 
factors to be calculated will now be given. 


4.2.3. 1 Efficiency Experience Factors 

The most extensive information is available from publications authorized by 
N.v, Philips Co., and their licensees which generally give efficiency as a 
function of output power for a given displacement engine. For each point on the 
curves given the size of the gas heater, regenerator, gas cooler, the gas 
pressure and engine speed are chosen to give the best efficiency for the desired 
povvei . No dimensions except for the displacement are usually given but this 
n.onnati on indicates what a well designed engine can do. Table 4-2 shows 

IS 2 “iSTlTS IV , c Si cul * t ? d V mchen f0> - a >- 98 rton,b?c drive' 's“l„ 
engine. The 1-98 has a 98 cc displacement displacer and power piston. 

Michels shows that for optimized engines the indicated efficiency depends upon 
heater temperature and cooler temperature and not upon the working gas used? 
Figure 4-13 shows Michels' curve correctly labelld. 
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Table 4-2 

Indicated Efficiencies of a 
1-98 Rhombic Drive Philips Engine 
(Reference 76 e) 


Worki ny 
Fluid 


Heater 
Temp. C 


Cooler 
Temp. C 


Indicated 
Power at 
Maximum 
Efficiency 
Kilowatts 


Indi cated 
Effi ciency 


H z 

850 

100 

8 

50 

H 2 

| ' 

400 

100 - 

1 

32 

J H 2 

250 

100 

.35 • - 

18 

1 He - 

850 

100 

6 

50 

He 

400 

100 

1 

30 

j He 

250 

100 

.18 

17 

N 2 

850 

.100 

-1.5 

49 

n 2 

400 

100 

.35 

31 

N 2 

250 

100 

Negative 


H 2 

850 

0 

10 

57 

| H 2 

400 

0 

2.8 

45 

H 2 

250 

0 

1 

34- 

He 

850 

0 

8 

58 

He 

400 

0 

2 

42 

He . 

250 

0 

.7 

32 

N 2 

850 

0 

2 

55 

N 2 

400 

0 

.48 . 

42 

n 2 

250 

0 

.18 

33 


Percent of 
Carnot 
Efficiency 


to the Carnot efficiency n Lr h th”part1cu?ar heaf° rel ! te t f e indicated efficiency 
Figure-4-14 shows this indicated efficiency factor er N^f np ?£ a i u ™ em Pl oyed . 

experimental' X t ^ 

- engine without powering ne^^a^^H ^22 
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Table 4-3 

Computed Brake (Shaft) Efficiencies for 
a 1-98 Rhomb Uv Drive Philips 
Engine Optimised for Each Operating Point 
{Reference 76 e) 


Working . Heater Cooler Shaft Power Brake 

Muid Temp. C Temp. C at- Max. Eff. Eff. *, 

K. watt W„ 


S of Mechanical 
Carnot Efficiency 

Eff. Wn ‘ 


v; 

il - 

’ H 2 

400 

100 

0.8 

25 

56 

0.78 


: H 

Ho 

C - 

260 

100 

0.12 

12 

42 

0.67 


" 4 

' , j 

He 

— 850 

100 

4 

40 

60 

0.80 


^ J 

$ : 

He 

400 

100- 

0.4 

24 

54 

0.80 


■ t A . 

lie 

250 

100 

0.1 

12 

42 

0.71 


i S 

I ,! 

n 2 

850 

TOO 

1.0 

43 

64 

— 0.88 


; *j 

: V, 

No 

<L 

400 

100 

0.2 

26 

58 

0.84 


! j! 

i il 

No 

4- • «"« — ■ / 

250 

100 

Negative 

-- 

• - 

m 

...... 

1 £i 

\ t ; 

* 

i «•*' 

f; 

Ho 

850 

0 

6 — 

- 47 

62 

0.82 

/ 

Ho 

400 

0 

1.8 

36 

61 

0.80 


f 

Ho 

250 

0 

0.7 

26 

54 

0.76_ . 



He 

850 

* 

0 

5 

46 

61 

0.79 


rf 

He 

400 

0 

1.2- 

36 

61 

0.86 


k 

He 

250 

0 

0.4 

27. 

56 

0.84 


! j: 

No 

850 

0 

1.3 

49 

65 

0.89 


{ ft! 

1 

No 

i. 

400 

0 

0.4 

38 

64 - 

0 .90 


1 

No 

C 

250 

0 

0.17 

29 

61 

0.88 



ij£ 








Maximum Brake Efficiencies for 
Various Stirling Engines 
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brake efficiency points for these calculations, figure 4-14 shov.'s how the _ 
brake efficiency factor depends on heater temperature. The mechanical e.Tici- 
ency for this machine is generally about 80/';- (see Table 4-3). 

The size, weight, power and efficiency for a number of other engines mentioned 
in the literature are presented in Tables 4-4 and 4-5. It should be emphasized 
that the powers given are for the maximum efficiency operating point not the _ 
maximum power point. Note that the brake efficiencies range from 46 to 69'. of 
Carnot. 

Finegold- and Vanderbrug (77 ae) using data from the Philips-Ford 4-215 engine 
conclude that the maximum brake efficiency is 52X of the Carnot efficiency. This 
factor is-based upon 1975 data. Improvements have been made since then. 

Net Brake Efficiency - The information presented in Tables 4-3 to 4-5 is for 
engines without auxiliaries. In Table 4-6 performance and efticiencies are 
given for the engine powering all auxiliaries needed to have the engine stand 
alone. This includes the cooling fan, the blower and atomizer and fuel pump 
for the burner, and the water pump for the radiator.. Table 4-6 shows that 
the maximum net brake efficiency is from 38 to 65^ of ideal. 

Carlqvist, et. al (77 al) give the following formulafor well optimized engines 
operating on hydrogen at- their maximum efficiency points. 


* 0 - A 

t F H 


(4-47 


where 

n = overall thermal or effective efficiency- 

eft 

P . = net shaft power with all auxiliaries driven 

net 

Ep = fuel energy flow 

T c , T h * compression =• expansion gas temperature, K 

C = Carnot efficiency ratio of indicated efficiency 
to Carnot efficiency, normally from 0.65 to 0.75. 
Under special conditions 0.80 can be reached. 

M = heater efficiency, ratio between the energy flow 
H to the heater and the fuel energy flow. Normally 
between 0.85 and 0.90. 

iii, = mechanical efficiency, ratio of indicated to 
M brake power. Now about 0.85 should go to 0.90. 
f ft = auxiliary ratio. At maximum, efficiency point f A : 

Thus the most optimistic figures: 

T „ T r 

n eff = (1 - i~) 0.75( . 90) ( .90) ( .95) = (1 - ^)(0..58) 




4 . 2 . 3 . 2 Power Exp eri ence Factors 

Experience factors based upon the Schmidt Equation - Only a very few references 
give numbers relating the output brake power to that predicted by application of 
tne Schmidt equation. The available data are: 


' 1 ' 

; ' i ■ 

■ 1*' 

Author 

Reference 

W 

; i i 

Uriei 1 

1977 af 

0.3 to 0.4 

! I ' 

Zarinchang 

1975 d 

0.3 to 0.4 

I J ' 

Finegold & 

1977 ae 

0.32 

I ,i 

| i — 

Vanderbrug 



! i n 

Martini (calc) 

Table 5.5 

this rpnort 

0.6 


*See Figure 4-12 for nomenclature, at maximum efficiency point. 

This power experience factor is the product of two factors. One factor of 
about 0.8 is the mechanical efficiency for the machine. The other factor 
expresses the fraction of the basic power remaining after internal flow 
friction is deducted. This second factor is larger at the maximum efficiency, 
point than it is at the maximum power point. Until more is known about this" 
factor, it should be used as. a very rough guide. 

4.2.4 First Order Design Procedure 

In a first order design procedure the following steps are used: - 

1. Establish T^ and T c> 

2. Calculate n £ . 

3. Determine, indicated, brake and.net brake efficiencies using 
efficiency experience factors. 

4. Establish type of engine, piston displacement and fraction 
dead volume and speed. (See Section 3.3.3 for description 
of a typical engine.) 

5. Compute W Q wit'i appropriate Schmidt equation. 

6. - Predict brake power using the power experience factor. 

As a sample of this procedure the following problem and solution is offered. 

Problem: Your lab reports a new material has been discovered which will allow 
an engine like the GPU-3 (see Section 3.3) to operate at a 1500 C. Estimate 
power output and efficiency based upon first order methods. 


Solution: 


1500 + 273 * 1773 K 
20 > 273 = 293 K 


r 1 


293 

1771 


0.835 


HjliTI 


' K 


7» 

I 


3) From extrapolation of Figure 4-14 the brake efficiency factor 
is 0.65., Therefore n B B 0.65(0.035) = 0.54 . 

4) Use the Cooke-Yarborough Equation (4-37) and further establish 
that: 

P s 4.137 MPa (600 psia) 
u> = lOOir (50 Hz) 

V E * (7.01) 2 ('it/4) (3.068) ■ 118.4 cm 3 • 

V- Q - 118.4 cm 3 

V^. = VHD + VRD + VCD + 0.854Vp + 0 . 354V (See Section 7.2 
„ for values of VHD f VRD and VCD.) 0 
V M a 81.8 + 51.8 + 17.2 + 101. XJ- 41.9 = 293.8 cm 3 

At = 1773 - 293 = 1480 K 
0 = 90° 

V. = VCD + (V Q + V £ ) (0.354) 


= + 17.2 + (118.4 + 118.4)(.354) = 126.9 cm 3 

ll 

V, 


* v V 

5) Calculated output power. W = IX -i. -? -Al ~ 1n •&- 

C * V M T ,;c aT 
T c V M AT 

W „ 4. 135 ( IOOtt) (118. 41 (118.4) (1480) (sin 90°) 

c 8 293 ♦ m (140) 


293.8 


= 12.3 KW 

6) Choose a power experience factor of W D /W =0.6 
brake power, W R = 0.6(12.3) = 7.38 KW B c 
heat input, Q * 7.J38/0.54 = 13.7 KW 


so 


4.2.5 Conclusions on First Order Design Methods - 

1. First order design methods are good for preliminary system analysis. 

Z. Current flame-heated Stirling engines powering all auxiliaries can realize 
no more than 58% of the Carnot efficiency figured between the heater metal 
temperature and the cooling water temperature. 

3- Published Schmidt equations to compute basic output power (Figure 4-12) 
from engine dimensions are generally correct and can be checked easily 
by numerical methods. 

4. Reliable experience factors relating the basic power to the brake power 
for a well designed Stirling engine do not exist at this time. 

4 . 3 Second Order Design Methods 

Second order design methods are relatively simple computational procedures that 
are particularly useful for optimizing the design of a Stirling engine from 
scratch. An equation or a brief computational procedure is used to determine 
the basic power output and heat input. These then are modified-by the various 
identifiable energy loss terms. For instance, the net output power is the 


101 


I ■ 



n f f 



> i 


••’I t » 


A 

AC 

AF 

AIIT 

AHTA 


* )"ff. - (ECC - RC) ; * (See Figure 4-15.) 

Lltoitive tree flow area tor matrix, cm- 

~ t1ow area rough regenerator, cm 1 ’ 

- ConlJtinn t h'\t U ^ a 10 !• matrix or blinder wall, cnr 
Conduction heat transfer area of one regenerator cylinder at level A, 

Conduction heat transfer- area of one regenerator cylinder at level B, 

* end^cm-' 0 ' 1 hMt ' transfer Qn? * ot ^generator cylinder at cold 

c, l J!' UCtl0n heat transfer area of one regenerator cylinder at hot end, 

K Phase angle# degrees 

: ' (LCR)- - (ECC f RCp (See Fi gu re 4-15.) 

" L“]t, d ” 9 e int erl caving cones, degrees 
Satis P P ° Wer fr ° m St1,,11 »9 before losses are deducted. 


sin V'Vos-'^ " ti"dn" 


M" - 0 - NX)/. 

N" ■*» 


, " ss *’5 mcm»» lossos. 

Z J osso$ 

cdl tion" 10 t^ 1 ]'^^ to°in 1 this° f 

^d^Ccuracr'^Howe^^^anr^ betwoon cost of computation 

S’J^rrjr' to bc ^ X*k sjsi s 

■* * v »" 

«, uotioos are coded In -FORTRAN or another 
4,3,1 C - a Pita.l^i-e > tte.r No menclature fo r Sec -t-i-on 4 .3 


(lor wires and screens, NX 0.5g and N(M%N") is 


* 


c y(lcr - rc ) - (ecc.F 

Cl’ - Heat capacity ol' gas at constant, pressure, H/g K 
CPI : Heat capacity of gas at constant pressure when flowing from hot end 
to cold end of regenerator, vl/cj K 
CPM Heat capacity of regenerator matrix, 0/jg K 

CPU Heat. capacity of. gas at constant; pressure when flowing from cold end 

to ho t end of regenerator, vl/g K * 

CPI ■ Heat capacity of piston or displacer, J/g K 
CPC ; Heat capacity of cylinder wall , 0/g K 
CV Heat capacity of. gas at constant volume, d./g K 
Cl - AKCVj/lCP), . .. . 

C2L •= (XK)(AHT)/ ((CP) (MDA)’ “ N (AF)j with XK, MOA. and N evaluated at outlet, 
cold, conditions , M . 

CPU = (XK) (AHT)/ ((CP) (MDA) ' " N (AF)) with XK, MDA and N evaluated at inlet, 
hot conditions 

C3 - Geometry constant (see Equation 4-130) 

0 =v1 + K : ’ - 2K cos (ALPH) 

DC - Diameter of compression, cold piston, cm 
DCY - Diameter of engine cylinder, cm 
DC1 - Diameter of cone at base, cm 
DD : Diameter of displacer cylinder, cm 
DDR - Diameter of displacer drive rod cm 
DE r - : Diameter of expansion, hot space, cm 



DELP “ Pressure drop, MPa 

DELTMX - Temperature swing of the regenerator matrix material, K (see Equation 
4-127) 

DELW ••• Work for one increment 
DIC - Inside diameter of cooler tubes, cm 
DID ~ Internal diameter of displacer, cm 
DIH - Inside diameter of heater tubes, cm 
DOC = Outside diameter of cooler tubes cm 

DOH = Outside diameter of heater tubes, cm 

DP Diameter of power piston cylinder,. cm 
DR » Diameter of each regenerator, cm 

m *\(lcr “ rcF - (eccP 

E - RC sin (PHI) 

ECC - Crank eccentricity-, cm (see Figure 4-15) 

ET ^ Regenerator efficiency 
F " friction factor 

FA ~ Area factor for radiant heat transfer, Equation 4-122 and 4-123 
EC • Fraction of gas inventory in cold space 
FCMAX = Maximum in 1C during cycle 

I- CM IN ~ Minimum in K during cycle 

FCT - Fraction of cycle time for gas. flow into hot space 

me. 

FCTH : Effective fraction of the total cycle time steady flow passes in one 
direction through the cooler (heater). 


too 


I 


T 1 f M! 


' f ; 


4V • V 


ti ll , 
IV 10 

U'ld. 
Id 14 

IOW 

II 


I II MAX 
l-HMIN 
IN 
IK 

It 

0, 

t,d 

0.1 

00 

00 ! 

0,11 
OK 
0,1 A 
II 
III 

II.' 

K 

KAI' 
kO • 

KM ■■ 
KM.4 * 
KMO 
KMO 
KMH 
KMX 
K 1 
KO 
I 

IAO 

III 

1 1VA 
I 0 
I dill 
I OK 
I OKI' 


t| , u h 'lu t >( V s\uuv t U ' U ° ( ' Kh ' t " m ' ?iUuUiv now " vv <' ,; "< V into' 


ttfootivo (portion- of ovo1o-~t-imu stoadv mass 

(ho roUl spa oo 

Oool i no wator flow, o soo 

i'-'i i S ’. V ' <V , ' u tor h 'V ,Mv< ia,,t boat transtor 
tlloo taotor, (root ion of roponora-tor volwmo 
traotion of pas invontorv in hot spaoo 
Maximum in Hi durino rvo'lo 
Minimum in III durina ovolo 
Radiation sh i old t'aotor 
Irartion of pas invontorv in-rooonorator 

\{\\W 


low mo vos out af ^ into) 


(ill oO wi (h sol HI 


■ i I 00 - ^ KO 1 oos H,,,/ 

' Nass v-ohvit.x, haso.i upon flow area . .p/om-'soo 
Sinplo annulus ooolor pap thioknoss, om 
ass voUvftv when pas f lows Hvm hot otu! of roaonorotor to ooid ond 

"* :::! 

10 p t MI'a • sov'- • .'in) 

Si nolo annulus hoot or pap thioknoss. om 
Pisplaoor pap thioknoss. om 
limo avoraood pap thioknoss. om 
lloat transfor ooof f ioiont .w om'K 

i ''" t ' MS "™ S 1,01 K ’ >•"'«, .-ml of 

!MS "‘" <S ,n.f of 

ITt./VIU 
VO l VIII . 

Oas rhonua 1 oonduoth itv . w om'/ M 
m , , • ' Win 

ihonmal oondurtmtv ofmotal, w om K 

Motal thonnnl ronduotivitv at lovol A.-wVmk 
Motal thorma I oomiuotiv i t\ at lo.vot H. worn K 
o a thorma ooiuluot ivi tv at oold motal t-o.iiporati.ro. worn K 
'V 1 ooiuluohvitx at hot motal tomporaturo . w om K - 

Jhormal oo.u not ivi ty of roponorator matrix, w om K 
honna- ooiu uot i v i t,\ of piston or dispiaoor. w out K 
hoi Ml oomiurt ml) of ovl-iiutor wall, w om K 
tony t h ot nutriw un 

lonpth wall Iron i lovol A to oold ond ^Soo I iauro •! ,’h 
1 , kn /111 . I toy 
<Miik A l kl ’ ko 1 

lonpth wall from lovol I, to A \Soo liouro 4 0 a'.‘ om 
iv'tiH lonoth of wivlt'r tutv* oiii 
t'oolovl lonpth of oaoh ooolor tuho. om 
jonnootinp rod lonpth tor Khomhio drivo. om (Soo Mpuro 4 
loiuitn v' f di splaoor oomuvtino rod , otio- — - 




i >1 

r f i 




f jsU ' 


: ■;« 
' ' i 


i ( 


l VHP 
101 
in 
ui 
mu 


Tin 


” * J- f ^ T— r 

, t - ! 

* 

1 

i * : 

j 

i 

V 


> i 

i 


.. 51 - 


LMX 

l.K 

111 


IT.' 


U 

M 

MIV\ 

Ml L 
MMX 

m\ 

MU 

Mi 

N 

NO 

Nl' 

Nl\ 

NS 

NTO 

ntii 

NTUC 


NTUrl 

NTUP 

NTUV 


NU 

NX 

P 

OMG 

PA 


lonptli ot power piston connoctinp rod, cm 

lenpth of cone, cm 

l. oiH.tt.lt of displacer, cm 

Total lonptli of each heater tube, an 

Lonptli of’ cylinder or roponorotor wall from Hot t'nU to fowl H (See 
lipinv T ) , an 

Hod tod lonptli of odoh hoot or tilin', an 

Holt' thickness for shoots oiut rod ins tor wires ot-roponorator motoriol, 
cm 

Lonptli of roponorotor ,. cm 

lemporaturejvave lonptli in displacer wot I . an 


" \ OMG 

Tomno-ea lure wovo lomtth in cylinder won. an 

J.OK] 

hi JomuT^uk)' 

KG V ' .'(TUI) 

Worki ihv pas inventory. p mol ...... . , 

Ampl i tudo of sinusoidal moss velocity of inlot., hot i\ i o 

reponerator*. p/soc an' 

Mechanical friction loss, wolfs 

Moss of oil matrix motoriol , p 

Mosh si.-o. wit vs /cm 

Gos viscosity, p. .an see 

Mol oatl or woipht of workinp pas, p/p mol' 

Number of power units per onpino 

Number of cones on piston or displocot 

Not powor, wott-s 

Number of roponorot.ors per powor unit 
Number, of screen loyers per roponorotor 
Number of cooler tubes per power unit. 

Number of hooter tubes per power-unit 
Number of transfer units for pus cooler 
ItfAHTl 

.'t-Vl (WGSVf GV) 

Number of transfer units for pas hooter 

?.i Vizis’) [oVT 

Number of- transfer units for reponerator usinp constant pressure hrat 
capaci tv 

H(Ain)/(WHS(iTl) . 

Number of transfer units for roponorotor usinp constant vo limit Moat 
capaci tv 

ll(AIIT) y lWIIS(CV)1 

lupine frequency, II.*, cyclos/soc .... 

Ixponont. in correlation tor heat leans l or cootticiont 
H XMW)N\ k ,, . 0 

Pressure at anplo Pill for M(K) 1. MPa. soo tpuat ion 4 eO 
I- requeue v ot operation, radians'soc 
.'n(NU) 

Amplitude of sinusoidal prrssuro swinp—Mtfa 
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Cakuiati^^ MPa 
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KG 


PAV (i 
PC 

PHI . *« uju pressure 

M - M >an,< dn 9l0, degrees 
PMM : 2 eon P ressi,f, e for cycle 

: ci: 

number 

od/mu\ 


QC = 
QGC - 
QGH = 
QITS = 
QN = 
QR = 
QRH 
QS 
QTS 
R 


(see Equation 4-69), 

» MPa 
MPa 


MPa 


RC 

RCD 

RCP 

RE 

RH 

RHOM 

RH01 

RH02 

RM 

ROM 

R01 

R02 

R1 

R2 

R 3 


Conduction heat transfer, watts 
= lr° m 9a , s co °1*r, waits 

= literal 9 ? 5 heater ’ watts- 

■ M ’--watts 

: !^r?oT p ™& r * d,at,o "-“«* 

g lw i / 9a * COns tant 

”•314 J/g mo] |i 

Crank radius, rm / , e Q ~ r ■ 

Reynolds numbed P ° W6r pi ‘ Ston ’ CI11 
= 4 (RH)G/MU 

= GaT'H 9aS '? enSity ’ 9/cm 3 
Gas density at entrance, g/cm 3 

Gas density at exit, g/eni 3 

- o^n J: ■ -*? units ' 9/9 * 

= Density of piston m*°w • l " a , tnx material , q/ C ni 3 

.-asss, 

■ third " ^"^VK 

m ’ ld d ' e t, ”'' d “ f re9enerat0 '' K/watt 


K/watt 


SC 

SCL 

SO 

St 

SGM 

Sill 


S = Jj- /VHD VRf) upn \ 

.. ."<£ U + -rs- * - v $ 

-- str'!i COd deai1 volume 

-- Strok’;’ com Pi't'ss1on, 
ouokc clearance, cm 

• Stroke of d,sp,<,cer > « 

(klKsSl ; xpa " si0 "' ,"ot Piston 


00 Id Pis ton, ...cm 


. « I»t Piston, cm 

.* 1 vmmrmy) 

' ,( / x ,0 • w/(cm-’K !t ) 
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Stroke of power piston, cm 
Temperature at level A, k 
: temperature at. level LI, k 

- TC/TH 

- ft fee five temperature in cold, compression space, k 
= Heat, sink metal temperature, k 

- Temperature of cold space, k 

- lemperature of cool i ng water into eng i lie,, k 

; Thermal diffusivitv of piston or displacer wall, enr/sec 
K1/((RH01)(CP1)) 

Thermal diffusivitv of cylinder wall, cmVsec 
K2/((RH02)(f.P2)) 

- Effective temperature in hot, expansion, space, K 
-- tan " 1 (kAPs i n (ALPH ) / ( TAU 4 KAPcos(ALPH) )) , degrees 

~ Thickness of foil separating gaps in slot regenerator, cm 
-- Heat source metal temperature, K 
= Temperature of hot space, K 

- Phase angle between pressure and mass flow at hot 'end -of. regenera tor, degrees 
-- Thickness of wire in screens of regenerator, cm 

- Effective entering gas temperature to gas heater, k 
= Effective regenerator temperature* k 

« ( THM - TCM)/ 1 n ( THM7TCM) 

: Gas temperature at inlet, hot end, of regenerator, K 

- Gas temperature at outlet, cold end of regenerator, K 

- VCLX +-VCD 

= Cold dead volume, cm-' 

- Extra cold dead volume besides that- in gas cooler, cm-* 

Maximum cold live volume, cm* 

- Cold live volume at a particular angle PHI, cm* 

Cold live volume at beginning of increment,. cm* 

~ Cold live volume at end of increment, cm-’ 

- Total dead volume, cm* 

= VHP + VRP t VCD 

=• VH LX + VHP 
c Hot dead volume, cm-* 

- Extra hot dead volume besides that in gas heater, cm-' 

= : Maximum hot live volume,, cm* 

- Hot live volume at a particular angle PHI, cm** 

-- Hot live volume at beginning of increment* cm-’ 

-■ Hot: live volume at end of increment, cm-* 

- Power piston live volume, cm-* 

"■ Regenerator dead volume, cm-* 

' Total uas volume at angle PHI 
: VH + VC •» VRD 
VIII. 4 vci 

Mass rate of I low, g/sec 

I tfectivr flow raft' of gas into cold space, g/sec 

Iftectivo flow rate of gas into hot space, g/sec 

lot.al windage power, waits 

Gas cooler windage power, walls 

Gas heater windage (lower, watts 

Regenerator windage power, waits 
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WRS ■ l ffective flow i\i ( o of gas through regenerator , g/sec 
WTI Wv'.l I thickness of displacer or hot cap wall, om 

Wl;' Wall thickness of cyl i ndor wal 1 , cm 

x - \ ( TAirn r * ~m~) (IT^sTAmir ” k? 

Xk Coefficient in boat, trims lor convlat ion, II \k(W) N ' 

Y = TAU * 4 [wl) v VTAll * 0 

Yk ' factor in t qua t ion 4-1 Or del' i nod by I. qua lions 4-10/. .4-108, 


- 4 



TAU 

V +'Wi 



I- TAU i k 


/.k « factor in equation 4-100 defined in Table 
/.l - Compressibility factor 

« 1 except for 'tempera lures less than 70 k 


4-10 


or 4-104 
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4.d.C Rasi c_ Powarputpu t 

basic power output is the Schmidt equation or a numerical equivalent or the 

Schmidt equation which is discussed in Section 4.0. The basic assumptions tor , 

the Schmidt equation are as follows: 

1. Temperature in each gas space— is known and stays constant. 

L\ Variable volumes change sinusoidally with a fixed phase angle ^ j 

between the hot and cold variable volumes. 

S. There is no pressure difference between the gas spaces. > 

4. Ideal gas law applies. : j 

b. There is no leakage into or out of the working gas space. : 

, i 

Assumption !> is not trivial because a small leak can make a big di t terenee in 
Stirling engine performance. Assumption 4 is good for heat engines, below j ; 

70 k a compressibility factor needs to be used. Assumption d is not. serious j i 

for engine designs that would normally be used. Assumption is exactly true i . • 

for some engines like the Rinia type swashpl ate but. it is quite tar oft tor j 

the Rhombic drive machine with its short connecting rods. It is important ; < 

to know the phase angle between the live cold volume and the live ho-t volume. j 

Assumption 1 is not true. The gas temperatures in the hot and cold variable I 

volume spaces in the usual type' of Stirling engine vary over a wide range 
during each cycle (see Section 4.1.S). However, for the dead volume fractions 
normal 1y encountered in Stirling onlines* calculations based on assumption 1 i 

give the right power output (see figure 4~b). This basic ‘.power is detei untied j 

by the fonuulas given below for the different types ot Stirling engines. j 

basic power formulas are now given in the uniform capital letter nomenclature 1 

for the following different cases: j 

I. Schmidt, equation - sinusoidal, isothermal 1 

1.1 alpha engine form j 

1.,! beta engine form j 

l.d gainna engine form j 

.'. Sinusoidal, non-isothermal 
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.1. Non-Si nusoidal , isothermal 

3.1 rhombic drive 
3.? double crank 

4. Non-si nusoidal , adiabatic variable volume spaces 

4.1 rhombic drive 

4.3.1'. I $c(u)n tit. Equa tipns-Sijiusoi daJ-IsothojMiiaJ 

4 . 3 . 2 . 1 . 1 -Alpha. IH ial P iston Form of Sch m i dt, Equ ation 


liquation 4-49 below is an adaption ot' Equation 4-45 to give basic power instead 
of work per cycle. It was selected because the average pressure normally 
specified can be used to compute the gas inventory by assuming that the displacer 
and the power piston are both at the mid-point of their stroke. That is: 


M = 


PAVG 

R 


( VHD 
\ TH 


, VHL , VRD 

+ m + • TR 



(4-48 


Thus the basic power is:. 


( TAll ' + KAP...+ 2S) : '\ 1 - (DEt) r (1 + V1 - TDELHI 


(4-49 


Alternately the basic power can be determined by first noting that the maximum 
pressure is related to the mean pressure by the formula (73 j): 


PMAX = 


PAVG 


V(l - tlEL) /(l + DEL) 


(4-50 


Also it is instructive to know that (73 j): 

PMAX 1 + DEL 
PM IN " r-WL 


(4-51 


Thus-Equation 4-42 is transformed to: 

B p ■ NU(PAV 6)(VTL).(1'- TAU) ( PEL)-s1 »(THET ) „. 52 

(KAP.U)d +V1 - (DEL)-) 

4. 3.2.1. 2 Beta Schmidt . Eq uation 

Por engines in which the displacer and the power piston are in the same cylinder 
and have the same diameter the stroke of the displacer and the power piston 
overlap and the displacer and power piston come very close at one point in the 
cycle. The basic power for this type of machine is given by the following 
equation: ... 

BP . Ml(?0(1 - 1AU)(l’MXH VHI.)X,sM AH'H) rv - x]'-’ 

y { (V.’ * Y :')'■> U + 
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There is a problem here in that Equation 4-53 calls for PMAX but PAVG is usually 
specified. Use Equation 4-50 to obtain PMAX from PAVG. Also. n. Equation 4-53- 
the dead volume is taken to have a temperature that Is tne arithmetic mean of 
the hot and cold volume temperatures instead of the more correct log mean 
temperature. 

4 . 3 . 2 . 1 . 3 Gamma Engine Form - Schmi dt Equation 

tote that Equation 4-54_has the same qualifications as Equation 4-53. Thus: 

fmi)(ttWl - TAUl(PMAX)(VHL)(K)sin(A LPHl [^4] ' (4-54 

Z + (Z 2 - X 2 )'* 

4>3 .2.2 Basjc Power Assuming Sinusoida l. Non-Isothermal Proces ses 
Most Stirling engines have open hot and cold 

spaces have so much volume for the grounding ^^l^ssSrf Uperature and 
adiabatic spaces. E. B. Qvale (68 m, J7 n) tak P^ manc ^ is calculated; 
mass as independent variables. - First the P finallv the basic performance 

directly applicable to engine synthesis rather than the predict . 
performance of a given engine. 

others. Qvale claims close agreement P . Qvale assumes sinusoidal 

Allison PD-67A Stirling engine (see Section 4.1). Uvaie 

variations in mass. 

4. 3. 2. 3 Non-Sinusoidal . Isothermal 

Practical Stirling engines quite often have short cranks that lead to piston 
motions quite far from sinusoidal. Also, the rhombic drive used in many Stirling 
engines is even more complicated because the cranks are eccentric ana- top dead 
center is not 180° from bottom dead center. Means for calculating the basic 
power for two important types of Stirling engines will be given in this section. 

1. Rhombic Drive - Beta Engine (Philips) 

2. Crank Drive - Alpha Engine (United Stirling) _ 
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4. 6. ,1.6. 1 Rhpii\bic-lta_tn .(Phi 1.1 U5 1 ng ino-) 

The rhombic drive is commonly used on Philips Stirling engines. An>M hoi 
seluw that uses short connecting rods would also deviate sigmluant.ly nom 
Ilmpi* harmonic motion. F1*un> 4-1K «h*» thu IwitUm of U» ^ ^ 

the cold live volume is at cere and .it j max I muni. A ' oi aijk .in, H ' 

wlu'i* the cranks are inward. The rhombus is fully extended vnlli.i l) and 
power piston and displacer are closest together, from Moure 4-la. 

(4-bb 


B » 


ECC* RCV- 
TTar v rcT 1 


Therefore: 


(4 -hi' 


(4zh7 


VCL " 2(A - B) J-((DCY)e - (DDR)-) 

In general for any angle PHI: 

VCLX - |((DCY)‘ - (DDR)*-) { |( LCJS) *' - (ECO - RC)- 
- | (ICR) 1 ' - (ECC - RC cos (PH I) ; ) | -'| 

Figure 4-16 shows -the position of the displacer and cyl indei wall and tianks 
at zero -and' at maximum hot volume. From Figure 4-16: 


(4-66 


Therefore: 


In general 


m » 

C = < (ICR -‘ RCi"“-'lC CC 
VHL - (1)1 - C) | (DCY)*' 

E * RC sin (PHI) 

FI -• l(LCR) r "TECC“-”'RC coT (WOT 
VHL X - l (DCY) ' (FI + C - c) 


(4-5P 

(4-60 

(4-61 

(4-6.' 

(4-66 

(4-64 


These more complicated relationships for the hot and cold volumes make an 
analytic solution impossible. Fortunately, a numencal solution is n t \ 
difficult. From the desired operating conditions for the . engines Ml H. C 
and TR which is usually the log mean of 1H and 11. Also sit I AVo as tlu tin 
average pressure for the cycle . From the dimensions ot the engine ova uati 
and simplify the above equations for VHLX and VCLX. / this calculation 
is to be performed by hand r evaluate VHl.X and Vll.X tn ** ... 

660, 660°. Then compute VT and P by the tel lowing equations. 

VII UHLX «- VHP Vl-61' 

\ir i/t'i v +. urn (4 -l'U 
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VII VilLX 1- VHP 

VC VCLX + VCD 






V! VII * VC < VKO 

lw_ »i M.U5)V 
' Vtl . VRIV , VC 
1H T'R TC 

Calculate the moan pressure by: 
J'lll ,« 


(•i -t>; 
(4 -PH 


PM 


r 

(phi 70 / 


1 .' 


( 4 -b° 


(.1-70 


The desired M(R) to meet t!ie . .< peel tied PAVG... is given by: 

M V*V - ]>' M - 

The pressures in the engine, PC. at. each PHI to cause the specified PA VC to be 
correct are determined by: 


PC 


14-71- 


VT is plotted against PC. This work curve is integrated numerically to obtain 
the work output. 4.b’V should be added to the calculated volume to make up .ot 
the error- involved in using only 1C points for integration .(see Section 4 .. t. 

During the calculation of the basic power, it is also important to calculate ^ 
the mass distribution of pas between the. hot spaces, regenerator and cold spaces 
assuming a constant pressure during each instant ot the cycle, t rem the poi ot. 
gas eguation: 

, PiVHl PlVRDl P(VC) (4-71.1 

1 : M'RVTH 4 MTW 

in in in 

hot regenera to vt- col d 

space space space 


1 * PH ♦ TR + RC - 


(4-7 1.7. 


The first and third of those fractions are evaluated and are truyd to compute 
the mass flow thivugh the regenerator, heater and coole.il. 

4.7. C. 7. 7 Crajvk Privo-Alptu Lrnjine 

Th» current United Stirling engine (see Section 7.7) uses 4 double-acting 
Pistons in a Rinia arrangement with cranks using short connecting rods operating 
each piston. The analysis below will be for one, quarter ot the to al oi gine. 
Hgure 4-17 shows what is being analysed. Per any angle PHI the (night ot tin 
piston above bottom dead center is: 

\l ,(W— ■ * TiRCV sin (rHP17 - vPf' cos (PHIl (4-Y 

- tCR •* RC 
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Therefore the hot t 

h0t llv * volume f S: 

VHLX -k 'L /n rv \ 

' lnd ^°’<^^] s ulRC> - XI > 


where: 
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Next, Equations 4-65 to 4-71 are employed to calculate the work diagram in the 
same way as was done for the rhombic drive. A numerical . integration. of the w i k 
diagram gives the work per cycle. A 12 point per cycle integration is 4, b/. low. 
To get the power for one power unit "of. the four in the engine, one must multiply 
this integral by the engine frequency in cycles per second to obtain the basi 
power in watts. 

Here also the mass fractions in the hot, regenerator and cold space* are com- 
puted by Equation 4-71.1. Note that these fractions depend upon the geometry. 
and the temperatures but do not change with pressure... 

4.3.2. 4 Non-Si nusoi dal . Non-Isothermal, 

After Ovale 's work for Professor J. L. Smith at M.I .T. mentioned in Section 
4322 Rios (69 am, 69 o) expanded the work using the same general assump- 
tions’. However, he is able to start with a specific engine with a crank- 
connecting rod drive mechanism. He was able to solve the differential equa- 
tions and integrate numerically to an overall steady state. He built his own- 
cooling engine and was able to closely predict its performance. The author 
has studied this work at some length and he has a listing, of the associated 
computer program but. has not yet put it into operation. 

An extension of the computational method described in Section 4.1.5 will now 
be presented as it applies to a rhombic drive beta type engine. This calcula- 
tion procedure is not practical to compute by hand, but it can be done in a 
few minutes with programmable hand-held calculators. 

The computational procedures given in Section 4. 3. 2. 3.1 are followed up to 
Equation 4-64. Then the pressure for M(R) = 1 at any angle PHI during the 
cycle is given by: 

P = VHLX 7 VHD I VRD , VCU 7 WiJ 
■THS + TH TR 1C TCS 

where THS and TCS are the hot space and cold space temperatures. . 

PHI - 0 with. THS1 = TH and TCS1 = TC. Compute P by Equation 4-76 < 

PI. Let VHLX, and VCLX at PHI = 0 by VHL1 and VCL1. At, say. Pm 






pirtc VilLC CUIU VWUC U 3 lliy r w. ” 

words, for the first calculation: 

1 

~VHL1 7 VHD TM + M + VCLT 
~W “TH TR TC TC 

Iculation: 


PI 


For the second calculation: 


P2 - 


m + ki + w 


THS2 


TCST 


Where: 


_ VHD ■ VRD , VCD 

K1 " TH + TR + TC 


which is always constant. Also for the adiabatic spa c es 
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(4-80 


~~~~r * ki * -Mr 

ni (pt) TO (j*f 


(4-81 


\ P 1 / TC [ - c - j 

«tho°d'of U l^" , f " .fwtion 4-81 is L , , 

Newton's method pf°r H ?? so,,,e other siicce sfive* 10 ' 1 is ll,ade b y the secant- 

tl,e se, * ies Tcs 2 are «iSi«. 3f Pr nJ2"£f#°3 *»»* “fte 

, ' 6 t,nrd Pressure tn 

P3 = 

XH + Kl + Y? r 

W " e, - e ,f W13 VHL2: ' (4- 82 

XH = + VHU^VHy ■ 

THS! (p?) TH(£j) k 


or if VHL 3 < VHL2: 
XH = 


VHL3 


nszQ 


r \P ZJ 

tlle Sdl,le «‘V. if VCL3 > VCL2: 

-ia2 + jffiL3__-_VCL2 

TCS2 (pI) rc (nf 


xc 


or it VCU s- VCL2: 

XC = ■ ■ VCL3 


No . . . 

“««<• « bef-. 

IT a " d TCS3 = VCL3 

whepQ vp _ 

& .•?. lt ,c !r r T*"* above app,ies - 
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temperature changes according to the adiahat ic low from the previous gas temp- 
erature. Tlw? mow gas temperature changes- according to the same- law tint from 
till' entering gas temperature. Thou there is a mixing at t.ho-ond of each in- 
crement to got, the mi \oJ moan tempora-turo for t.ho next i no ronton t. 

This computational process is continued lor two or more cycles until t.ho • 
pressures and temperatures start- to repeat with adequate accuracy.- This com- 
putational procedure is stable at any anqle increment. Smaller angle incre- 
ment'' give more accurate results, for a particular case the effect, of smaller 
angle increments should.be evaluated to determine at what, point adequate 
accuracy is obtained. 

4.3.3 Fluid Fricti on Loss — — - 

The basic power is- computed as if there is no fluid friction. Energy loss due 
to fluid friction is deducted from the basic power as a small -perturbation on 
the main engine process. If fluid friction consumes a large fraction of the 
basic power the following methods will not be accurate but then one would not 

choose a design to bo built unless the fluid friction wore— less- -than -10-l-of 

the basic, power. 


Flu i\i friction inside the engine can be computed by published correlations for 
fluid flow through porous media and in tubes. These flow friction correlations 
are applicable for steady-, fully-developed flow. If the fraction of the gas- 
inventory found in the hot spaces and in the cold spaces is plotted against 
crank angle, it is apparent that, to a good approximation this periodic flow can 
be approximated by (1) steady flow, in one direction, ( 2 ) no flow for a period 
of time (3) then steady flow back in the other direction, and (4) then no flow 
to complete the cycle. (See Figure 7-1.) The mass flow into and out of the 
regenerator is not quite in phase due to accumulation and depletion of mass in 
the regenerator. Note that the mass flow at. the cold end is much more than the 
mass flow at the hoi end mostly due to gas density change. The average mass 
flow rate and the average fraction of the total cycle time that gas is flowing 
in one. direction at. the hot end of the regenerator is used for the heater flow 
friction and heat transfer calculations. The average mass flow rate and the 
average fraction of the total cycle time flowing in' one direction at: the cold 
end ol the regenerator is used for the cooler flow friction and heat transfer 
calculations. For the regenerator the mean of the above two flows and oJL-the 
above two fractions will be used. 

The above decisions are approximations. In the future the author hopes to 
determine how good those approximations are by comparing thorn with nwro- laborous 
but more exact calculations. 

4.3.3. 1 Kegeiiera tor Pressure Prop 

4.3.3. 1.1 Screens 

Kays and London (b*l 1 p . 33) give the formula for pressure drop through a 
matrix as- would be used for a regenerator: 




DELP 


, (Sj* 

2(GC)(RH01T- 



Flow Acceleration 


+ f(L )RH01 
( RH) RHOM 

Core 

Fric-tion 


(4-84 


The flow acceleration term can be ignored in computing windage loss for the 
fuJJ cycle because the flow acceleration for flow into the hot space very 
nearly cancels the flow acceleration for flow out of the hot space. With this 
simplifying assumption, the pressure drop due to regenerator friction is: 


DELP 


F (G) 2 L 

2 ( GC 1 j (RH) (RHOM) 


(4-85 


In the above equation the friction factor F-is a function of the Reynolds 
number, RE = 4(RH)G/MIJ. Figure 4-18 shows the correlation for stacked screens 
usually used in Stirling engines. Note that the relationship is dependent 
somewhat on the porosity. Since this calculation is already an approximation it 
is recommended that a simpler relationship be used more adapted to use in simple 
computer programs. For RE < 60 let: W 

log F = 1.73 - 0.93 1 og (RE) (4_86 

For 60 < RE < 1000: 

log F = 0.714 - 0.365 log(RE) (4-87 

For RE > 1000: 

log F = 0.015 - 0.125 log(RE) (4_88 

This relationship is shown by a dashed line in Figure 4-18. 



Figure 4-18. Flow Through an Infinite Randomly Stacked Woven-Screen Matrix, 

Flow Friction Characteristics; a Correlation of Experimental 
Data from Wire Screens and Crossed Rods Simulating Wire Screens. 
Perfect Stacking, i.e., Screens Touching, is Assumed. (64 1, 
p. 130) 
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finally, the viscosity ot' the yas must he evaluated. lor hydreyen: 
MU - . / 3 s I0" (i t 0.200 s 10" 1 ' ( TK - 203) 

* a, no s io’"(im) 

l or hel ium: 

MU 108.14 n 10’* ; •• 4X414 s 10**" (TU - 203) 

- 0.003 N 10* (PAVG) 


(4 oo 


(4 -90 


lor air: 

MU- 181.04 x 10’*'' + 0.133O -n 10’*' (TR - 003). 

+ 1.02 ^ 10’"( PAVG) 

This data is from American Institute of Physics Handbook, 2nd Edition, ('p. 2-227. 
Table 4-7 tabulates the data also. 


Table 4-7 

Vi sco's i ty-of Working Gases 
q mass/cm sec at 
PA VO ' 10 MPa 

TR Hydroyen Helium Air 


k 

MU 



MU 


MU 


300 

8.131- 

N 

IO' 5 !- 

1.084 

X 

10- 4 

1.070 

\, 

io’ 4 

400 

1.113 

\ 

10"“ 

2 . 408 

X 

10’ 4 

2.818 

X 

10" 4 

bOO 

1.313 

X 

10"“ 

8.013 

X 

10"“ 

3.081 

X 

10" 4 

000 

1.513 

X 

10’ 4 

3i 377 

X 

to’ 4 

3.587 

X 

io’ 4 

700 

1.713 

X 

10“" 

3.840 

X 

10’ 4 

4.123 

X 

io’ 4 

800 

1.013 

X 

10* 4 

4.304 

X 

10’ 4 — 

4.850 

X 

nr 4 

1000 

2.313 

X 

ur 4 

8.238 

X 

10’ 4 

8.731 

X 

io’ 4 

1200 

8.713 

X 

10‘ 4 

6.100 

X 

ur 4 

8.803 

X 

nr 4 

l.hOO 

3.313 

X 

10“" 

7.852 

X 

io’ 4 

8.411 

X 

ur 4 

8000 

4.313 

X 

10’ 4 

0.8/2. 

,.x., 

40* 4 

1.100 

X 

10“ ! 

2500 

8.313 

X 

to’ 4 

1.810 

X 

10" ' 

1.377 

X 

10" ! 




3000 


b. 313 x 10 


l ,4b l x 10" 


1.848 x 10"' 
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4 . 3 ,3-, 1 , 2 Slots 

% 0 r% c ? U mFS&T^ 

F = 24/M H ’ ;: 

4 - 3 - 3 -2 aatSUfllCgojer Pressure rw (4 ‘ 92 


Jubular 


M , — -r - i UUUldr 

neater and cooler orpccu^o a 

drop through these^eaters and^^? 1 1 engi ' n es (see Section*! 3T? J? bes althou 9h 
determined from thp a 0^ coo ^ e rs are determined k» c 4, 3;3.1.2). Pressure 

being evaluated at MT’" 9 fr1ct; ° n factor pi « by E qu tlQ ore 

t0 "rs rE:— 

P 55 16/RE 

For RE > 2000: (4.93 

1°9 F - -I.34 - 0.20 log(RE) 


F-igure 4-19 



G *s Flow Inside r i *° 0 4 °° H 

a Su ™- - 
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Heat^ ai^o-jei^^^ ng F1 ns ( see R e f. 77 j,). 

it e rSther°than a throSqh 0 [t thl A1^n Pe i t f ^ 1e rntr XChanCJe r ' S that the gas f1ows into 
passage area changes^Tf th ’ the stroke EwfLSt'T? JaJ ted becau ! e t,,e f1ow 
these can be obtained, an approximate data are needed. But before 

of the best types of nterlKo ffns u 11 15 p !!® sented in the Interim. One 
like the tube can have- a thin iSl 1 and III he a ne ; tln L cone because the cone 
from the outside of the cone Assume that^S" 5? a ? ded and removed directly 
takes place in the gap between the cone ^ eff ? ctlve avera 9e flow rate 
where the volume of the gap beyond this noinJ^c" 1 ^ 6 ?V md -stroke at the point 

Tot ^. th1S P0,nt ' **& K1n^rU?o r th ?s''?^aL f a‘s he 

4. 3.3.4 Heater, Coo]e r_and Regenerator Windage Loss 

th^heater^regenerato^or^cooter IT cycle .' the I"** loss «n 

pressure drop by the approximate formula: l"* 6 ’ approx1n,atel y fr °m the computed 
WP * (DELP.)(VHL)2(NU) watts (4 _ g5 

^ * 3 • ^ Mechanical Friction Loss 

It essentially must be^ieLured!^^ hard^to compute reliably, 

losses due to mechanical friction would wJ ^ u be ® ng ] ne ltse lf were used, the 
delivered by the engine. If indicated and S?£ ,,,ed Wlth power red or 
mechanical friction loss is the difference b tl'tkV' de <*™'ned the " 

clature from Figure 4-12. The friction loss showing Wb " Wl j S1n9 the nomen- 
having the engine ODerate at th D • loss- should be measured directly by 

volume so that very little eng L aciL’if oossi’b'le 5 "''?, Wi th 3 ve ™ '*Vdead 
heated but the seals and bearing need !o it K S2& tempered. “* ^ 

4 - 3 -5 Basic Heat Inp ut 

basic power^utpu^di vlded by 9 the Carnot th ff- 6 ^° nd °J cer a PP r0X1 ' nations is the 
etures for the heater and co^le^spaces Thereof 0 ’’ 3SSU '" ed 335 


BHI = BP/(1 - TC) 


( 4 - 96 - 


AHO l t Ss r rtra e , 935 h" e f e '- ° f 

this heater. Therefore, after the commitationa nL. ° b ® transmitted through 
-here must be an adjustment downward in the effectiup^nt 15 9 °E e t,1roucJh °nce 
upward in the effective cold gas temperature tn if n! S ' 1 995 te '" perature and 
erature drop in the gas heater and qas cooW Th f ° r ! OI " e eftect1 ’ ve temp- 
hot space and cold space would change manE of’ temperatures for the 
first time around. Particularly 1t 9 woI?7rhInS ♦» f U • tl ? ns perfor,Med t,1e 
of their direct effect on the Carnot eff?ri h 1 H 10 basic heat input bec ause 

procedure is rapidly convel rgent etflc1ency * U has beef1 found that this 


3 6 Reheat _Loss . 

ESSSfl i^5«ir 

- » r:rj : 


Effective 
Flow Rate 


Regenerator 

Ineffectiveness 


QRH = FCT (WRS) (CV) (THM - TCM) ( NUW + 2^ 


(4-97 


Fraction Heat 

. r> ^ 4 -I 



Figure 


4-20. Reheat Loss. 
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Each element in Equation •I" 1 '/ is a type of an approximation. Iho traction 
of tlmo flowing into the hot space is estimated by extrapolating tin' maximum 
flow into tint hot spans. to tin* total flow to find tin* fraction of the total 
cycle time that this process would occupy, if the flow rate were always at its 
maximum value. This fraction. ICT, turns out to tie about one-third. I Til will 
he taken as 1/d if an analytical Schmidt equation is used. If a numerical 
procedure is used, Rif is computed by Equation 4-102.5. The effective flow 
rate then is determined by the flow-through the regenerator, WRS (see Equation 
4-101 or 4-102.5). Neither heat capacity CV or CP is strictly correct. More 
complicated analyses can take into account more rigorously the effect of 
pressure change during gas flow through the regenerator (75 ag. 77 hi). The 
rationale for using CV in Equation 4-97 is that the transfer of gas takes 
place when the total volume is relatively constant. However only a small 
amount of the total volume is in the regenerator at any one time. A better 
equation suggested by LeRC during review is probably: 


QRH fCT 


(WRS) ( CP) (THM - TCM) - 


VRD(CV) (PMAX PMINj 
( ITmV( FC'O / Nil 


(4-97 . 1 


This point deserves further study because QRH is quite often the chief loss 
term. 



1 


1 


,1 



Ihe temperature difference A in Figure 4-20 is represented by the total temp- 
erature difference between the hot metal and the cold metal times the regenera- 
tor ineffectiveness. This ineffectiveness is one minus the effectiveness of 
the regenerator material (see Equation 4-7). This formula for ineffectiveness 
agrees with the simple equations in earlier standard references on regenera- 
tors such as Saunders and Sitioleniec (51 q). 

The idea- of separating power output and the heat, losses into a number of super- 
imposed processes has been used by a number of investigators of the Vuilleumier 
cycle. The details of this analysis have been given ina number of government 
reports. The Vuilleumier cycle is a heat operated refrigeration machine which 
uses helium gas and regenerators very similar to the way the Stirling engine is 
constructed. This super position analysis has worked well in VM cycle machines. 
In an. RCA report (59 aa . pp. 9-37) the measured cooling power using this method 
of analysis was found to be within 3. 9\- of that calculated. Crouthamel and 
Slielpuk (75 ac) give the following formula for tho reheat, loss after it is 
translated into the nomenclature used in this section. 

QRH ('.,) (WRS) (CP) OHM - TCM) ( N 1 j, r Vp) (4-93 

equation 4-93 is written in the same order as Equation 4-97 and therefore can 
re directly compared. The first, term, one quarter, is specific tor their 
particular machine and therefore needs to be evaluated tor another type of 
machine. 1 he flow rate is evaluated in the same way, but the heat capacity is 
different. Probably this can be justified to be CP instead of CV because the VM 
cycle machine undergoes a relatively small change in pressure during its cycle. 
Also, the distinction between metal temperatures is also relatively small at 
this stage of analysis. 
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Vho How out a' win a< for tho How In. Vh« ' 00 ‘^Hon ,s: 

. .... (I'MAX - PMIN)VIU.(NH) (4-40.1 


Who ro : 


, >M . (I'MAX - PMINlVIU.(NH) (4-40.1 

OKU (l - 1.1 )PP( HIM - U-M) V ;'R(VPMV(7n 

it ;,ny;ii.-!(u)" * ii;:{Tiif(o.M)riul(i«i)' 1 iu(i uKii-onTioTuii (4 ''“" 


K ,., ill iva-ilt coi-i-estwihlMicu that flwsi- eqiMttons aro usd rur small 

mni anylo ",cromo,.t:s ad. than summed. They cannot ho used a, an overall 
oqu.it ion tor ono full oyclo. 

In Equations 4-47 and 4-48 tho numbor ot towns for units .in tho regenerator nuist. 
ho evaluated. Now: 

1 . 1 -.. I. . H(AM1) _ ...a NTIIP. ii-rU. (4-4P 


........ H(AHl) ...a NTH P r (4-44 

N1L!V mmm N (who up) 

This useful dimensionless aroup is made from a tio.it. transtoo cooffioiont.. "^ a 
I, "at transfer area. AHT . a mass flow rate. MRS. and a heat capacity. IV e. U . 
Means for evaluating these components will now ho given. 

Heat capacity is a function of temperature.. In the units hein.i used In this 
manual, hoot capaci ties- are. given -in lahle 4-h. 

Heat transfer area for screens is dotoniiinod by the formula: 

AHT -H‘‘- ( MSH ) (THW) (HR) •' (NR) (NS) cm-' ( 4 H00 

The heat transfer area -for a single or multiple annulus or another type of 
regenerator can he calculated similarly. 

In real i tv the mass flow rates through the regenera tor- are continuously varying 
and are quite different at one end of the regenerator than at the othoi . As 
explained in Section 4.8. .1 a good approximation ot the flow rate through tin 
regenerator is two periods of steady flow between two periods ot no 1 low. <n 
design procedures that use a Schmidt equation, it is assumed that the How time 
in one direction is one third of- the cycle time. The following formula is used 
to calculate WRS in previous equations. 

W'vS VHl. (8 NH) KHOM g/sec (4-tOl 

where the mean gas density is evaluated by the formula: 

KHOM 0..'48(PAV0)/(TKl 

I or computat ions using a numerical integration, it is possible to compute the 
mass distribution at each point in the cycle. Ihen graphically or mimoinal 1> 
the steady mass flows and times can be determined tor both ends of the regener- 
ator. 

lhe effective fraction of the total cycle time steady flow passes in ono dim- 
t i on through the heater is: 


(4-101 
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■ •Me (FHMAX - FHMIN)M(MW) 
WMi " FCTH/NU 


(4-102,2 


The effective fraction of the total cycle time steady flow passes in one direc- 
tion-through the cooler is: 

FCTC = ( FCT3 + FCT4 ) / 2 (4-102.3 

The effective steady mass flow rate for the cooler is: 

wcs a ( FCMAX - FCMIN)M_(MW)_ (4-102.4 

wty FCTC/NJ 

Thus for the regenerator: 

FCT = ( FCTH ,+,F.CIC)/2 .. (4-102.5 

and 

WRS = (WHS + WCS)/? (4-102.6 

The heat transfer coefficient is derived from Figure 4-21. For instance, for 
a porosity of (1 - .286) = 0.717 the equation is: 
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Table 
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Heat Capacities for Working 

Gases , .J/g K 

0 



Temperature 

Hydrogen' 

Hellunr 

Air 

£ 


i . 

K 

CP 

CV 

CP - 

CV 

CP 

CV 

. 

% 

298.15 

14.31 - 

10.18 

5.20 

3.12 

1.0057 

0.7188 


! ■ ! 

j ■ •. 

400 

14.50 

10.37 

5.20 

3.12 

1.0140 

0.7271 

Ij 

A 

Tr-r-jp — 

500 

14.52 

10.39 

5.20 

3.12 

1.0295 

0.7426 


\t 

600 

14.56 

10.43 

5.20 

3.12 

1.0551 

0.7682 


‘,7 

700 

14.62 

10.49 

5.20 

3.12 

1.0752 

0.7883 


: ; ! 

800 

14.70 

10.57 

5.20 

3.12 

1.0978 

0.8109 

1 

. ' 1 

■ $ 

1000 

14.99 

10.86 

5.20 

3.12 

1.1417 

0.8548 


1 1 

■ v ' * 1 

1200 

15.43. 

11,30 

5.20 

3.12 

1.179 

0.892 


j 

1500 

16.03 

11.90- 

5.20 

3.12 

1.230 

0.943 

j 1 

I 

. . i 

2000 

17.03 

12.90 

5.20 

3.12 

1.338 

1.051 

! 


2500 

17 . 86 — 

13.73 

5.20 

3.12 

1.688 

1.401 


i ;j 

3000 

18.40 

14.27 

5.20 

3.12 

— 

— 

l i 

V 

i | 

! s ; 

*From American 

Institute of Physics 

Handbook 

, Sec. Ed. , 

pp. 4-49. 


' i 

: j 

1 

2 

From HoJman, J 

. P. , "Heat 

Transfer , 

" Fourth 

Ed., p.- 503, McGraw 

Hill , 1976. 

1 1 

i 
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FCTH = ( FCT1 

+ FCT2 ) / 2 
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The effective 

steady mass 

flow rate 

for the heater is: 
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aS Ma^"J h ieafT?JnI"Ir1|?^?eS Woven-Screen 

#f 

Touching, is Assumed (64 1, p 129). 9 ’ ’- e ->. Sc, 'eens 

where the Reynolds number RF ic +-h 

and the ■ Prandtl number Pr’= CPfMUlf n SaiI ? R aS V iat used in Section 43311 
KCi and PR are given i„ Table 4-9 / K C and MU l,ave »een-give" Prenoisi 

tplt ill; 

vsMations are sinusoidal assumes that pressure anri ri 

sible by a second order polynomiaMnV^th J. ,atnx temperature is expres- 
He also concludes- that, ) { " ’ tle dls tance along the regenerator 

of the gas in the regenerato.. -/l' ct,on has eligible effect 9 1 
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Table 4-‘> 

Thermal Comluet 1 vi ties a ml Pramitl Numbers 
for Working liases 
Thermal -Conductivity, kO, w/em k 
Prandtl Number, PR, dimens ionless 
101 atm pressure 


Temperature 

k 

300 
400 
500 
600 
700 - 
800 
1X100 


1000 


1500 


0000 

0500 

3000 


, Hydrogen 
KG 1 * l PR 


18.15 x TO 


*4- 


00.10. x 10- 


OS. .64 x 10 
00.1 x 10 


-4 


- 4 * 


30.5 

7To-n 

36.0 

x 10‘ 4 

40.8 

x 10“ 4 

49.5 

x ID' 4 

59.7 

X 10' 4 

79.6 

71F 




0.700 

0.730 


0.744 

0.757 

0.771 

0.731 

0.810 

0.846 

0.880 


0.023 


KG 1 


Helium 1. 


1.4.00 \ 10 


■4 


,-4 


17.95 x 10 

... 

01.14 x 10 4 

04.7 x 10 

07.8 x 10" 4 

30.7 x 10' ’ 

36.3 x 10 _4f 
-4 

-4 


41.6 x 10 
40.4 xlO 
60.0 x 10' 


73.0 x 10* 


;-4 


PR 

KG 1 

0 . 688 

0.614 

0 . 709 

3.345 

0.717 

3.95 x 

0.711 

4 . 56 x 

0.718 

5.13 x 

0.709 

5.69 x 

0.749 

6.70 x 

0.770 

7.59 \ 

0.795 

8.70 x 

0.808 


0.858 


0.88? 



Aii 

x 10 

x 10 
10" 
10" 
10 “ 
10 " 
10 “ 
10 " 
10 “ 


Touloukian, V.S.. et. al., Themapli,VLsJ^al Properties of Matter, Volume 
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QRH 


m. 


.... J_ .B(M". ; jJT). 

(C20)(YL)il..+ (C2L)(YL)^ 


where: 


CP(MDA) (Tl) 

' (MO 

2(Yl.)'({} - l) + (Cl - Al) ((YL)-' 1 cos (THT) 
+ cos (THT.) (A1)(TAIIL))| 


MDA = amplitude of the sinusoidal mass velocity at inlet, 
(X - 0) of regenerator, g/sec cnv 
Tl- = gas temperature at inlet, hot, end, K 
T2 - gas temperature at outlet, cold, end, K 
QMG = frequency of operation , radians/sec 
= 2n(NU) 


(4-105 


B(M" , N") 

M" 

N" 


1T /2 2M" 

« 2 siri 

■0 

= (3 - NX ) / 2 


1 g" cos 2N " ‘ 1 e" de" 


(Note Qvale's thesis, 67 n, gives a value of NX « 0.59 and B(M", N") = 1.79.) 

NX = exponent in correlation for the heat transfer coefficient 

in form H = XK(W) NX 
- mass flow rate, g/sec 
= ( XK) (AHT)/ ( (CP) (MDA) 1 

= CO m-ifh vi^\ Mna anH W 


w = 
c? 


C20 

C2L 

Yi 


■ N (AF)). 

evaluated at inlet, hot, conditions 


= C2 with XK) MDA and N 

= C2 with XK, MDA and N evaluated at outlet, cold, conditions 
= ratio between the maximum mass flow rate at the end of the 
regenerator to that at the beginning of the regenerator 

= >!“■■■ TTATU tAu'O ' cos' \ THTT +' JATT TAUTTp 
TAUL = 2/ ((T2/T1) + 1) 

Al = rOMfiWL WPAlmi 


^1- W \ u-./ uy ' i \ 

Al = (OMG)(L)(PA)/( / (MDA)(R)(Tl)j 
L = length of regenerator , cm 


PA = amplitude of sinusoidal pressure swing, MPa 
THT = phase angle between pressure and mass flow at hot end of 
regenerator, degrees 
Cl = Al (CV)/(CP) 

There is some doubt that Equation 4-105 is interpreted correctly. At a number 
of places quantities were undefined and guesses had to be made. Also Qvale's 
thesis (67 n) gives almost the same formula blit would predict QRH one half 
that in Equation 4-105. Alettor from Qvale says Equation 4-105 is correct. 

If the power output for a particular Stirling engine* were evaluated by a numeri- 
cal method which also gives the pressure, and the mass flow at the hot and cold 
ends of the regenerator, then one would have the information necessary to sub- 
stitute into Equation 4-105 and obtain an answer. 

Qvale compared his theory with the experimental results on a cooling engine 
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done by Rea (66 h) and predicts the ineffectiveness and therefore the QRH 
within + 20%. 

Rios (69 ar), as was mentioned previously, calculates a work -diagram assuming 
adiabatic hot and cold spaces and any form of volume change with time that 
can be specified. His reheat loss uses 4 quantities that are calculated when 
the work diagram is calculated by the computer program. . 


4.3.7 Shuttle Conduction 

Figure 4-22 shows how shuttle conduction works. Shuttle conduction happens 
anytime a displacer or a hot cap oscillates across a temperature gradient. ; It 
is usually not frequency dependent for the speeds and materials used in Stirling 
engines. The displacer absorbs heat during the hot end of its stroke and gives 
off heat during the -cold end of its stroke. Usually neither the displacer nor 
the cylinder wall change temperatures appreciably during the process. _ Shuttle 
conduction depends upon the area involved, the thickness of thegas filled gap, 
GR, the temperature- gradient (TH-TC)/L, the gas -thermal conductivity, KG, and 
the displacer stroke, SD. It is also dependent on the wave form of the motion 
and in some cases, upon the thermal properties of the displacer and of the 
cylinder wall. All formulas in the literature are of the form: 


(YK)(ZK)(SD) 2 (KG)(THM - TCMHDCYj 


(4-106 


The quantity ZK depends upon the type of displacer or hot cap motion, and YK 
depends upon the thermal properties of the walls and the frequency of opera- 
tion. Table 4-10 shows the results of a literature survey for ZK. Note that 
there is a substantial disagreement about what ZK should be. for the sinusoidal 
case. The author has derived the lower-value and he would recommend it. This 
value, tr/8, agrees with Rios but does not agree with Zimmerman. However, 
there are no data that would lay the matter to rest. 

Rios has published values for YK to take into account the effect of frequency 
or wall thermal properties which are sometimes important. 


In Rios' Ph.D. thesis (69 ar! he gives: 

v* = 2(L1) 2 - y. 


(4-107 


where 


L1 = my 


:0MG)(GR) 
2 ( TD1 ) 


K1 - a thermal conductivity of piston or displacer, w/cm-K 
TD1 = thermal diffusivity of piston or displacer, cm 2 /sec 

- (Kl) 

‘ (R0l)(CPl) 

R01 = density of piston or displacer, g/cm 3 

CPI = heat capacity of piston or di splacen^.J/g.-.K 


! I 
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Later Rios modified his theory to < . 

the c ylinder wal1 as we]1 (?1 #r|)< ^ n\w ?h1S?r g i5es: hernial properties of 

1 I rv 


1 LD 

1 + (LBT 2 


(4-1C 
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displacer 


displacer at 

TOP OF STROKE 


^ GR \ ' DCY* ID OF CYLINDER 
T'\ ' GAS THERMAL CONDUCTIVITY 

,f\ — D | SPW ® AT BOTTOM 

X \ X OF STROKE 


rOxi 


Fi'gur-e 4-22. Shuttle Conducts 
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Table A>^ 

(flclent for Shuttle 

■ conduction EM**", 



square wave * 
time at one end 
, +-ime at other 


Zimmerman 


?^nwerumn 


0.584 
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where: 


LB = 1 


, 1 KS / LT1 
2,7 GR r K1 


+ 


LT2 \ 

K?) 


LT1 = Temperature wave length in displacer 



LT2 = Temperature wave length in cylinder wall 



TD2 = thermal diffusivity of the cylinder wall, cm 2 /sec (defined 
same as TD1) 


The above factor applies for simple harmonic motion and for engines in which 
LT1 is smaller than the thickness of the displacer wall and LT2 is smaller then 
the thickness of the cylinder wall. Rios, gives equations for solving the problem 
for any periodic motion by using of Fourier series expansion. To help determine 
whether the above factor applies, Rios gives some typical values of LT at room 
temperature (see Table 4-11). 

Table 4-11 

Typical Temperature Wave lengths , 

LT, at Room Temperature Conditions 
Reference: Rios, 71 an 

Centimeters 


Material 


Frequency, HZ 



1 

2 

5 

10 

20 

50 

Mild Steel 

1.21 

0.86 

0.54 

0.38 

0.27 

0.17 

Stainless Steel 

0.74 

0.53 - 

0.33 

0.24 

■ 0.17 

0.11 _ 

Phenolic — 

0.85 

0.60 

0.38 

0.27 

0.19 

0.12 

i 

Pyrex Glass - 

0.26 

0.18 

0.11 

0.08 

0.06 

0.04 


If the wall thickness is considerably smaller than the temperature wave length, 
then it may be assumed that radial temperature distribution in the walls is 
uniform. Rios (71 an) proposes the following definition of YK for this-case: 

YK = 1 + (SGM) 2 (4-109 
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where: 


* ((RO'lHChHWTiy * (R02)(CP2)(WTZ) ) 


WT1 = wall thickness of displacer, cm 
WT2 = wall thickness of cylinder wall, cm 

Note that when the thermal properties of the wall do not matter, YK 
whether evaluated by Equation 4-107, 4-108 or 4-109 would all evaluate to near y 
1. There is not any published formula that treats the case of cylinder and 
displacer wall thickness of the order of the temperature wave ength. There are 
also no published formulas for the case of a thick cylinder wall and a thin dis- 
placer or visa-versa. For horsepower size engines Equation 4-108 will apply. 

For model engines or artificial heart engines Equation 4-109 will a PPy* 
Therefore, for horsepower size, high pressure engines the recommended equation 
for shuttle heat conduction is: 

Q SH = / 1 + IB W fSD)2(KG)(THM - TCM)(DCY1 (4-110 


(SD] 

ro 

1 (THM - 

TCMHDCY) 

( 

mm 

1 


For model size engines using low .gas- pressure and very thin walls: 

ncu - /. 1 ^SD) 2 (KG) (THM - TCM)(DCYl (4-111 

QSH " (l + (SGM) y /8 (GR)UD) 

It also should be emphasized that Equation 4-110 and 4-111 are^for nearly 
sinusoidal motion of the displacer or hot cap. Square wave motion would double 
this result. Ramp motion should reduce this result some. 

4.3.8 Gas and Solid Conduction 

This heat loss continues while the engine is hot, independent of engine speed. 
It is simply the heat transferred through the different gas and solid members 
between the hot portion and the cold portion of the engine. Heat can be trans- 
ferred by conduction or radiation. In the regenerator the gas moves, but under 
this heading the heat loss is computed as if the gas were stagnant. In 
Section 4.3.6, the reheat loss is computed assuming there is no longitudinal 

conduction. 

The uncertainty about what thermal conductivities and what emissivities to use 
to evaluate this loss makes its measurement with the engine desirable, in 
some engines the hot and cold spaces are heated and- cooled directly. * n 
case measuring the heat absorbed by the cooling water with the engine heate 
to temperature but stopped will give this heat loss directly. However, all 
the horsepower-size engines described in Station 3 have indirectly heated and., 
cooled hot and cold gas spaces. For this ^ase the sum of the gas and solid 
conduction and- the shuttle conduction can be determined by measuring the heat 
absorbed by the cooling water for a number of slow engine speeds with the- 
engine heater at temperature and then extrapolating to zero engine speeo. 
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4. Radiation along a cylinder with radiation shields. 

Solutions to each one of these problems will now be given. 

4.3.8.1 Constant Area Conduction 

Heat loss by conduction of this type is computed by the formula: 


QC „ KG(AHT)(THM - TCMj • (4-112 

where the thermal conductivities areas and lengths. are germain to Path. 3 and 4a 
above, KG is evaluated at mid-point temperature. (See Table 4-9.).. 

4 . 3 . 8 . 2 Variable Area, Variable Thermal. Conductivity 

For one dimensional heat conduction where the heat transfer area varies con- 
tinually and the thermal conductivity changes importantly, the heat conduction 
path is divided into a number of zones. The average heat conduction area for 
each zone is calculated. The temperature in each zone is estimated and from 
this estimate a thermal conductivity is assigned. Figure 4-23 gives the thermal 
conductivities for some- probable construction materials in the units used in 
this manual. It should be noted that there is quite a variability in some 
common materials like low carbon steel. ...Measured thermal conductivity different 
by a factor of 3 is shown. Differences are due to heat treatment and the exact 
composition. With cormiercial materials having considerable variability, it is 
strongly recommended that the static heat loss be checked by extrapolating the 
heat requi rement "for the engine to zero speed. This number would then need 
to be analyzed to determine how much shuttle heat loss is also being measured 
and how much i:s static heat loss. 

For purposes of illustration, assume 3 zones are chosen along a tapered 
cylinder walT. (See Figure 4-24.) Temperatures TA and TB must be estimated 
between TH and TO to start. The heat transfer areas AHTH, AHTB, AHTA and AHTC 
are computed based upon engine dimensions. The heat through each segment is 
the same. Thus: 


/KMH + KMBVAHTH + AHTB\ /TH4- TB\ 

QC = ( g ){■ 2 j V — LHB — / 

. ^ KMB + KMAj ^ AHTB^t AHTAj ( TQ^- TA j 


(4-113 


^ KMA + KMCj ^ AHTA + AHTC j pA 


TAT' 


R1 = LHB/ 


R2-=- LBA/ 


R3 = LAC/ 


KMH + KMB 
2 / 


/ AHTH + AHTB 


pMB + KMA ^ pHTB .+ AHTA - 

'KMA + KMC \ /AHTA +- AHTC' 
, — 2 — / 1 — T ~~ “ 


(4-114 

(4-115 


(4-116 





Usually the following conduction paths are identified and should be evaluated 
for each engine: 


Path No. 


Descri ption 


1. Engine cylinder wall. 

2. . Displacer or hot cap wall. 

3. Gas annulus between cylinder and hot cap. 

4. Gas space inside displacer or hot cap. 

a. gas conduction 

b. radiation 

5. Regenerator cylinders. 

6. Regenerator packing. 


The engine cylinder, the displacer and regenerator cylinders must be designed 
strong enough to. withstand . the gas pressure for the life of the engine without 
changing dimension appreciably. However, extra wall thickness contributes 
unnecessarily to the heat loss. For this reason the cylinder walls of most high 
powered engines are much thinner at. the cold end where the creep strength is 
high than they are at the hot end. This, ...of course, complicates evaluation o f 
this type of heat loss. 


The following types of heat transfer problems need to be solved to evaluate 
these heat losses: 

1. Steady, one dimensional conduction, constant area, 
variable thermal conduction. 

2. Steady, one dimensional conduction, variable area, „ 
variable thermal conductivity. 

3. Steady, one dimensional conduction through a composite 
material (wire screens). 






f r H]uro 4-;’3. 
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^ " R1 +- R2 + R3 


Once QC Is computed .then: 

T.B = THM - Tl(QC) 

TA = TB - R2(QC) and so on 


(4-118 

(4-119 


TB and TA are compared with the original guesses. If they are appreciably 
different so that the thermal conductivities would be different, then new 
thermal conductivities based upon these computed values of TB and TA would be 
determined and .the process repeated. Once more is usually sufficient. 


This same procedure is used for the engine cylinder and the displacer if the 
walls are tapered. 



Figure 4-24. Computation of Tapered _Cyl inder Wall Conduction. 
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KMX = KG I 


(4-120- 


-trt Ml. run con- 

KMX = M.GR) t KM tTHFl 11 S Lase is: 

git + thf 


(4 -120a 


like 4-ll2 eat l0$S the matrix is then determined using an equation 

4 • o . b . 4 Ra_djnj_orWl_[ojui .aj^vlmderj^h^ Radia^nJ^elds 
honow^Hea^transport^cross 0 ^^^!?'' 3 dua ! p1 ' su ’ n machine is usually 

lat,on - R i d1at ;° n ;; ea ; ^wt-ronS^ sLsstsr and by 

The area factor/ « , ' 1 ( ™ K " /4) ( 01 D) ' (5 !G)(C TnM’- . ,TCM )') ' (4 . 12] 
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the cold end. Thus: ’ 1e P, '° dl,Ct of the omissi vi ty at the hot end and at 

FE " (EH) (EC) 

Tho hot and cold ends. si vi ties can h «nif • i . (4-124 
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mh SSSK5aSS« “ “*• 
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PMIN ) 1 
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1.5(/i)(RN)^^(KG)°'^(THM + TCM)/2) 
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4 . 3 . 1 0 Temperature Swing Loss 


SSKSE'SS rir ^"^“sfb^unt. 
- 2:1 

nis si srew'^ »nWr 


( 4 - 12 / 


"tnLlEfmVsU^^^ro^t ^“VS/tie 4 ‘'’ 7 and F1 fure 4-iO 

Thus the temperature swim, loss ?s : the-How and prows to 11ELTMX. 

QTS = (FCT) (WHS) (CV)(nELTRMX)/2 (4 . rN 

Lrouthamel and Shelpuk (76 ae) point: out this loss but their equation is: 

QTS - ( FCT ) ( WHS ) ( CP ) ( HE LTMX) ( . _ . >0 

Thni e ono I,-... ...t. . a * , . ... \*1*. 
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Swfnf 


Sonic 1 types of ^p a 

same temperature' latrS^™! C0nduct ^ity 
w °“ d undergo more swi>m 1ntenor would underao w * w ? u1d not undergo the 

HTTr _ f / . . « r 


QITS = QJS [( 
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The geometry constant cr- • KM 7 ■ FCT j - (4 

slab, "^he ^constant ^fo r *a ^cy H nder ^or re ^ s ^fo r*"! 

4 -^ ” firstRound . 5 (59 °’ * 203 > ■ 


ur a wire i 

*■ 

^ t this point it Is ‘ 

K„d 0U cV3C\ h % t0 * ae "” aatryint ° batsa ^ e S upon ?hVr f,rSt est ir»ate of the net 

fVrn^^ 

-■ '“•*• - W“« »“«■&!• 

NP - BP - WP - MFL not power output is.: 

(4-131 


The net heat input is: 

4 3 13 H 9 ~ BHI + QRH + QSH + QS + QPU + Q TS + QITS - WPH WPR 
*' 3 ' 12 i ^Ux£ha IlSeLiHlu^ WPH " T 

QN , i s 


(4-132 


(4-133 

(4-134 


“* computed, the duty of 

QGC = QN _ NP 

«Tut s lHg*2t£?^ 9as coo,e -- (4 ' 13 

temperature offset tte. 

4 ' 3 ' 13 - 1 M^r^xdhajsers 

Tt,e ReJ,n ° ,dS nuBbe '- f °-- the gas heater is: 


RE = 


WHS 


f^DlH) (NTH) (MU) 


140 


(4-1.35 
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A similar equation would bo usod lor tho ooolor. 1 ho boat translor root lioiont 
is derived from tho correlation on Figure 4-19. Use the solid linos hoc a use 
the surface temperature is controlled. Note that there is an important el loot” 
of length to diameter, l.lt/MH. for the heater. The ordlnant; of interest in 
Figure* 4-1*1 -is - ( H/ ( CP ( ) ) ) ( PR ) •' ' ! . The last factor shown on Figure 4-19 is 
ignored because the heat exchanger wi-11 operate with small temperature dif- 
ferences. In evaluating the above ordinate for H, tlu- heat transfer coeffici- 
ent, let 6 = WHS/-(j<DIH) (NTH)) for the heater and a similar relationship lor 
the cooler. 

4.3.13.:’ Annu lar Gap_Heater E xcha ngers 

Small Stirling engines can use annular gap heat exchangers effectively. The 
heat is applied from one side and the surface temperature is assumed constant. 
From reference 64 1, page 103: 

HjjKgH). = 4.86 (4-136 

Kb 

4.3.13. 3 Isother mal ir.er Heat Exch angers 

The gas in the isothermal izer is chiefly heated or coded by compression or 
expansion. Under these conditions the gas in the hot space is uniformly cooled 
by expansion and at the same time heated from both surfaces of the gas tayer. 

In the cold space an analogous process- goes- on. Under tnese conditions the 
gas layers are. effectively in the form of a slab. Appendix A shows that: 


TH = THM 


(4-137 


! • i * c 

! U 


TC * ™ + sfijrM) (4 ‘ 138 

4.3.14 I teration T o Find Effective Gas. Temperatur e 
4 . 3 . 14 . 1 Flow_ Hea t F.x changer-s 

In tubular or annular gap heat exchangers most of the heat is transferred 
during tinios ofgds flow. Two thirds of tho time, 2(RT), he assumed 

to flow one way or the other through the heat exchangers. Thus: 

QGH = 2 ( FCJ) ( WHS ) ( CV ) ( TH - THO) (4-138.1 

= H(AHT) — (4-138.2 


where 


QGH = 2( FCJ) (WHS) (CV) (TH - THO) 

= H(AHT) 

ln lw"Tr' 

TH— -THM - ^VT) '0 


AHT) 

M$)W) 


(4-139. 




similarly/. 


TC - TCM + n 


^TFciTrwcwvT^wucr^TT 


mosrortL a h«J h f 1puk 4 r^ 75 . ac ^ present a similar-calculation but reason that 
hs heat transfer in the heater happens during out flow from thp hnt 
space and that most of the heat transfer in the gas Cooler happens duJl*a 

4-139 and f 4°T40 h and°in th^nV **+ - hiS * easoning P roves true the 2 in Equation 
More exart 4 th f d . ef ip itl0n . °f NTUH and NTUC would be changed to 1. 
re exact third.order calculations might be used to show what factor should 

Equations 4-139 and 4-140. Possibly 1.5 would be a good choice 
hi cotti H q i Ueit10n 0f whether t0 use CP °r CV in the above two equations can 
w^re Jslf i^e?ti 0 rf t a^h- order calculations. Equations 4-139 and 4-140 
i!! e ? 1n S( ; cb10n 7. As discussed in Section 4.3.6 it is now recoirmended 

tern in Equation'S^fl «l)l 1n th ? ab ? vl V equation because the pressure chfnge 
term in equation 4-97.1 would cancel out when one full cycle is considered. 

thl/fiS"// 39 !u d ?' 1A0 give a ,nuch better estimate of TH and TC than was used 
* st time the basic power, BP, and. the basic heat input, BHI, were cal- 

ani RMf‘ a .iV her ! i S a „?! gni r icarrt cban 9e -i n TH and TC the calculation for BP 
nd BHI are repeated. All other heat loss equations do not use TH and TC and 

Enua ? inn! no J 5 h ?"9 e - A nsw Q GH and GGC would be computed. Again by 

Equations 4-139 and 4-140 a new estimate of TH and TC would be calculated/ 

I^?mai! mP ! r 5 t ^ eS W1 Probably, be essentially the same as the previous 
estimate, and the computation wil i be finished. 

t?aSf e S a e^ff<J5 e t P f' 3 ^ 9ine the . cooler is wat or cooled. Since the heat 
matai t ^ coe t 10161 ? 1 for the wate> ' 1 s much greater than for the gas, the cold 
assuiLd^lfh^h 6 1S very n c1 °s e t0 the cooling water temperature and it can be 

temoeratire b f s in IhTn* °V he °J h ?P hand ’ the thermocouple measuring the heater 
t “[ e n r c u [ e 1! ™ th p 9 as stream half way through the gas heater. During the 
ame gas is flowing into the hot space the heater must heat the gas to make ud 

the heater^must coofthl 0 ^' addition ’ durin 9 the ^>st half of the inflow, 
haifftj+r m P sb C0I >-1 the gas due to some compression heating. During the last 
half of the inflow- the heater must heat the gas due to some expansion cooling "" 
When the inflow is complete the gas in the hot space is cooled bjexpansioj 
Mhen” 1 .!" ! oad - for . the heater comes during outflow from the hot space 
addit(in.? xpi,1ded - 9as ,s , l ? eated - During the first half of the outflow some 

thl second halTlJ°Ih C00 In ° CCUrS 85 the g8s traverses the Hester. During 
trL^coc d <-h I °t th ?^ tf l ow some compression heating occurs as the gas 
chanap S fn JI? J eater * If tbe thermocouple is small enough to follow the 
change in gas temperature, it should change considerably each cycle Since the 
change reportedly does not occur, the thermocouple is arge and^registeJs ?he 

thPrp?o.f %. tem 5f rature a J the mid -P°^t of the heat exchange?. S" 
therefore, for the case of the GPU-3- heater that the effective hot space temD- 
eratur^, TH, is that measured by the thermocouple and that for the purpose of 
°!T ; n ? shutb Je heat conduction, static condution and reheat loss, THM = TH. 
thA^th 6 eSS * th ! tem P erat:u> ' e of the flame heated metal tubes will be hotter 
ternSemure aSUred temperature> Equation 4-139 can be used to estimate this 
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4.3.14.2 Isothermal izer Heat Exchangers 

The same kind of iterative process is used as above except Equations 4-137 and 
4-138 are used instead, of 4-139 and 4-140. 


4.3.15 Conclusions on .Second Order Design Methods 

1. Second order is good for practical engine design and engine optimization. 

2. Second order design methods identify and quantify the losses. This makes 
it easier to determine what must be done to minimize the sum of all the 

1 0SS6S . 

3. Much basic work needs to be done to extend the theory and experimentally 
validate the equations used for second order analysis. ... 

4. The required degree of complication in the analysis-of a Stirling engine 
design to adequately predict performance has not been determined at this 
stage of', public knowledge. 


4.4 Third Order Design Methods 

Third order design methods start with the premise that the many different pro- 
cesses assumed to be going on simultaneously and independently in the second 
order design method (see Section 4.3) do in reality importantly interact. 
Whether this premise is true or not is not known and no papers have been pub- 
lished in the open literature which will definitively answer the question. 
Qvale (68 m, 69 n) and Rios (70 z) have both published papers claiming good 
agreement between their advanced second order design procedures and experi- 
mental measurements . (see Sections 5.1 and 5.2). Third order design methods 
are an attempt to compute the complex process going on in a Stirling engine 
all of a piece. Finkelstein pioneered this development (62 a, 64 b, 67 d, 

75 al) and in the last year or so a number of other people have taken up 
the work. If the third order method is experimentally validated then much 
can be learned about the workings of the machine from the computation that 
can not be measured reliably. 

Third order design methods start by writing down the differential equations 
which express the ideas of conservation of energy, mass and momentum. These 
equations are too complex for a general analytical solution so they are solved 
numerically. The differential equations are reduced to their one dimensional 
form. Then depending on just what author's formulation is being used, 
additional simpl ifications-are employed. 

In this design manual the non-proprietary third order design methods will be 
discussed. It will not be-possible to describe these methods in detail. 
However, the basic assumptions that go into each calculation procedure will 
be given. 
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4.4,1 Basic Doslijn Method 

In broad outline the basic ii tions* ° i T o^, toinpeLitllros . charge 

1. Specify d1«,«lons am opev m, uinTl.d.o control volume. 


*> 

l . * 


3. F 


4. 


5. 


. . nt . (l1r Di vide engine- into control volumes, 

pressure, motion ol patl.s, etc. ' i(K1 ti ll? conservation ol mass. 

Convert the dilterential equations expicssii.i • ■ ■ . r j ncti c 

ss* t :r w 

t «J 

after one time step given the conditions at tin. oujinn.nj 
step. 

: at an £ 

cycles until steady 
cycle does not change. 

Calculate heat input. 


step. r0 iidi t ion and proceed through several engine 


1.4.2 F undament al,- ^lereiitjal Et\ua ti ons 

Following the explanation of Urieli (77 d), 
« satisfied for each element. They are: 


1. Continuity 

2 . Momentum 

3. Energy 

4. Equation of state 


These relationships will be given in words 
Urieli. - . 


there are 4 equations tiiat must 


and then in the symbols used by 


4 . 4 . 2 . 1 Co ntd nin ty Equation 

The continuity equation merely expresses, 
created nor destroyed. Thus: 

\ 

| rate of decrease of l „ 
mass in control -volume | 


the fact that matter can neither be 


I net mass flux convected- 
outwards through surface 
| of control volume 


(4-141 


Urieli (77 d) expresses this relationship as: 

m. + v - o 

at ax 


(4-142 
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Ill § m/M 

M » mass or !ns S ] n COntro1 volume * 

V - V/ Vs 

Vs : toJ l .TU’ f COMt, '° 1 volume-,, m 1 

total power stroke volume of machine, nr' 
9 ; 9 /(N.RrTk)/Vs) 

9 * mass flux density, kg/m-'sec 

Tk" = id c ^fixr ;: k1n9 9as - «»■* 

Absolute temperature, k 

* a x/(Vs) 


\ * * ) 

^ ~ b i s ta nee ,... me ters 
Momentum Eg unHn., 

| Rate of changes of 
i momentum within the 
I control volume V 


, ?! t fl sur i« ce torce acting 
volume, v Uld in t,1e oootool 

<7? d < expresses this relationship as: ' 

5T CM + vM- ( s .' v ) ((Sif., 
where in addition: X 

y = v/(Vs/M) 

v “ specific volume, m'/k'a 
P = P/(M(R)Tk/Vs) 7 9 
P a pressure, N/iir 


| Net momentum flux convectedl 
si'rftce A tl "’“ U! "’ COntro1 < 4 -I43 


f * f/.M(R)Tk/(Vs) 
h “ frictional dra 


4 .4 . c. ,1 Ejiej'^ t ion 


tional drag force, N 


Rate of heat transfer 
to the working gas 

J.rom t,,e environment 

through control surface A 

Net energy flux converted 
outwards by the working | 

sm-facrr ,J thc eo,,t ''°' 


Rate of energy 

accumulation - 

within the control 
volume V 


Net rate of flow work 
m pushing the mass of 
I w pi ki ng gas through 
the control surface A 


(4-144 


(4-141 


i ■ - 


! 


■ Sditf Vli 


, f 


Net rate of mechanical work done 
by the work inn gas on the environ- 
ment: by virtue of the rate it change 
of the mao nl tudo of the control volume V 


Uriel i (77 d) expresses this relationship finally, as: 


« (v-^r) + (vf i f) . ;j’ 


(4 -Mb 


where in addition; 


Q - 0/ (MR(Tk) ) 

Q - heat transferred, J 

> - ratio of specific neat, capacity of workinq qas CP/CV 
T = f/Tk 

T = workinq gas temperature in control volume.. K 
W •= W/(M(R)Tk) 

W = mechanical work done, d 

4 . 4 . 2 . 4 Equ ation of _S_tat.o_ 

Due to the normalizing parameters Uriel i uses the equation of state merely is: 
P(V) - m(T) (4-147 

4.4.3 Com parison o f- Ihlr d Order Design Methods 

It is generally beyond the scope of this first edition of the design manual to 
g.ive the reader a complete explanation of how to compute by third order 
methods. A number of them are or soon will be in the literature. These 
methods will now be described briefly. 

4.4.3. 1 U rie l i 

This design method is described fully in Israel Urieli's thesis (77 af). A 
good short explanation is given in this IECEC paper (77 d). He applies Ivis 
method to an experimental Stirling engine of the two piston type. The hot 
-cylinder is connected to the cold cylinder by a number of tubes in parallel. 
Sections of each one of these tubes are heated, cooled or allowed to seek their 
own temperature level in the regenerator part (see Figure 4-Cb). This type of 
engine was chosen because of ease in programming, and because heat transfer 
and fluid flow correlations for tubes are well known. Also an engine like this 
is built and is operating at the University of Witwatersrand in Johannesburg, 
South Africa. The intention is to obtain experimental confirmation of this 
design method. Uriel i converts the above partial differential equations to a 
system of ordinary differential equations by converting all differentials to 
difference quotients except for the time variable. Then lie solves these ordin- 
ary differential equations using the 4th order Runqe-Kutta method starting from 
a stationary initial condition. The thesis contains the FORTRAN program. The 
first copies of this thesis has three errors in the main program. Later 
copies of tlie thesis- will probably have these corrections added. Corrections 
should be obtained trom I. Urieli, Ormat." Turbines, 11~jX~.Box bU, Vavne, Israel. 
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Urieli is now attempting to calculate the data points for the GPU-3 engine 
by appropriately modifying his program. 

COMPRESSION EXPANSION 



REGENERATOR r 

Figure 4-26. Urieli Engine Model. 


4.4. 3-. 2 Schock 


A1 Schock, Fairchild Industries, Germantown, Maryland,, presented some results 
of calculations using his 3rd order design procedure at'the Stirling Engine 
Seminar at the Joint Center for Graduate Study in Richland, Washington, August 
1977. His calculation started with the same differential equations as Urieli 
but his method of computer modeling was different but undefined. He confirmed 
what Urieli had said at the same meeting that the time step must be smaller 
than the time it takes for sound to travel from one node to the next through 
the gas. A1 Schock's assignment was to develop an improved computer program 
for the free displacer, free piston Stirling engine built by Sunpower for 
DOE. The engine had a very porous regenerator. Although the pressures in the 
expansion and compression space of the engine were different, they were not 
visably different when the gas pressure vs... time was plotted. 


This program is as yet not publicly documented. Schock is awaiting good 
experimental data with which to correlate the model. 


4.4. 3. 3 Vanderbrug 

In reference 77 ae, Finegold and Vanderbrug present a general purpose Stirling 
engine systems and analysis program. The program isexplained and listed in a 
42 page appendix. Quoting from 77 ae: 

The technical approach used in the Stirling Cycle Analysis Model 
(SCAM) is based on obtaining system transient response by lumped 
parameter, or nodal, numerical integration. The integration tech- 
nique assumes that'the thermodynamic processes are quasi-static 

during a small time interval for each system node or control 
volume. The Stirling analysis programs developed at LeRC (77 bl), 
the recent Finkelstein models (67 d), and most thermal analyzer 
programs employ this method to avoid direct integration of many 
non-linear uncoupled differential equations. 
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The SCAM program was designed to provide extreme flevihiiit-v. 

pn y sical system being, modeled. The user specifies initial 
conditions, boundary conditions, and other key. parameters 
describing the performance characteristics of each component 
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A . 4 . 3 . 4 Finkel stein 
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and other calculation procedures can be made in the tuturc. 


Finkelstein claims that his program has been validated experimentally but 
that the results are proprietary. 

4 . 4 . 3 . 5 Lewi s Research Center (LeRC) 

The author has attempted to formulate a design procedure based upon some com- 
putation concepts originally used by M. Mayer at McDonnell Douglas. A simplified 
version was presented (75 ag). However, an attempt failed to extend the method 
to include a real regenerator with dead volume and heat transfer as a function ot 
fluid flow. The procedure was computationally stable and approached a limiting 
value as the time step decreased. But when the heat transfer coefficients were 
set very high, there should have been no heat loss through the regenerator, but 
the computation procedure did not allow this to happen, because gas was always 
entering the hot space at the temperature of the hottest regenerator element. 
There was also- the problem of finding the proper metal temperature for the 
regenerator elements. 


Parallel and independently of the author, Roy Tew, Kent Jefferies and Dave Mi ao 
at LeRC have developed a computer program which is very similar to the author s 
(77 bl ) . In addition, they have come up with- a way of handling the regenerator 
which gets around the problem the author found. 


The LeRC method assumes that the momentum equation need not be considered along 
with the equations for continuity, energy and equation of state. They assume 
that the pressure is uniform throughout the engine and varies with time during 
the engine cycle. LeRC combines the continuity, energy equation and equation 
of state into one equation. 


dT _ hA 


at mCp k W 


(T, 


w, 

T > + -5 < T 1 


T) + 


w 


2. It . t! + . 
in J o I; , mCp 


dJL 

dt 


(4-148 


heat transfer flow in 


flow out 


pressure 
change . 


This equation indicates that the temperature change in a control volume depends 
upon heat transfer, flow in and out and pressure change. Equation 4-1^8 could 
be solved by first order numerical integration or by higher order techniques 
such as 4th order Runge-Hutta. LeRC did not use thls-approach. 


LeRC used an approach of separating the three effects and considering them suc- 
cessively instead of simultaneously. From a previous time step they have the 
masses, temperature and volumes for all 13 gas nodes used. From this they cal- 
culate a new common pressure. Using this new pressure and the old pressure and 
assuming- no. heat transfer during this stage, they calculate a new temperature 
for each gas node using the familiar adiabatic compression formula. Next, the 
volumes of nodes 1 and 13, the expansion and compression space, are changed to 
the new value based upon the rhombic drive. New masses are calculated for each 




control volume. Once the now mass distribution is known, the new flow rates 11 

between nodes are calculated from the old and new mass distributions. The new 
gas temperature is now modified to take into account the pas flow into and out 
of the control volumes during the time step. During this calculation it is 
assumed that each regenerator control volume has a temperature gradient across 
it equal to the parallel metal temperature gradient and that the temperature of 
the fluid that flows across the boundary is equal to the average temperature of 
the fluid before it crossed the boundary; heater and cooler control volumes are _ 

at the bulk or average temperature throughout. Next, local heat transfer coeffi- 
cients are calculated based upon the flows. Temperature equilibration with the 3 

metal walls and matrix is now calculated for the time of one time step and at j 

constant pressure. An exponential equation is used so that no matter how large j 

the heal; transfer coefficient, the gas temperature cannot change more than the ] 

AT between the wall and the gas. Heat transfer during this equilibration is ~ j 

calculated. In the regenerator nodes heat transfer is used to change the ; j 

temperature of the metal according to its heat capacity. In the other nodes ] 

where the temperature is controlled, the heat transfers are summed to give j 

the basic heat. input and heat output. This final temperature set after temp- i 

erature equilibration along with the new masses and volumes calculated during 
this time step are now set to be the old ones to start the process for the 
next time step. 

The model is set up to take into account leakage between the buffer space and i 

the working gas volume. LeRE has developed an elaborate method of accelerating jj 

convergence of the metal nodes in the regenerator to the steady state tempera- 

ture. On the final cycle LeRC considers the effect of flow friction to make 
the pressure in the compression and expansion space different from each other 
in a way to reduce indicated work per cycle. ! 

To quote Tew (77 bl ) : \ 

Typically it takes about 10 cycles with regenerator temperature \ 

correction before the regenerator metal temperatures steady out. 1 

Due to the leakage between the working and buffer spaces, a number i 

ot cycles are required for the mass distribution between working \ 

and buffer space to settle out. The smaller the leakage rate, " ] 

the longer the time required for the mass distribution to reach j 

steady-state. For the range of leakage rates considered thus far ) 

it takes longer for -the mass distribution to steady-out than for the 
regenerator metal temperatures to settle out. Current procedure 1 

is to turn the metal temperature convergence scheme on at the -5th cycle j 

and off at the 15th cycle. The model is then allowed to run for ’ 

lb to 25 more cycles to allow the mass distribution to settle out. ! 

When a sufficient number of cycles have been completed for steady .... I 

operation to be achieved, the run is terminated. j 

Current computing time is about bnmimites for 50 cycles on a * 

UN1VAC 1100 or 0.1 minute per cycle. This is based on .1000 j 

iterations per cycle or a time increment of 2 \ 10“ s seconds i 

when the engine frequency is 50 H;\ The number of iterations j 

per cycle ;and therefore computing time) can bo reduced by at 
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In a thVoJdeJ°o r f°lor e>! ? ense ° f a «uracy of solution; 

„ ;. ora fr ot 10a Tncrease in power and efficiency result-? 
when iterations pe^cycle are reduced to 200 


4 . 4.4 


1 . 

2 . 


3 . 


6 . 
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Conclusi ons on Third Order np Siqn Method? 


S e "avanaSfe" e ” c0 " st ™cted third °rder design methods are or will soon 

Vanderbrug) , ^rd’ order^ignorinq^fl u? d S i 3rd ? rd ?r . ( Ur i e l i > Schock, 
order assuming a common pressll?e (LeRC (F'hkelstein) and 3rd . 

order through e simpie°and e complex t second e ord ,n? f i°™ the simplest first 
order analysis. However, all these method? 6 )! n 1 JJ lnatln 9 in rigorous 3rd 
and fluid flow correlaHnnc k a ; n ^ Se methods depend upon heat transfer 

flow, because correlations of period?? f1ow 1nstead of periodic 

which should be used have not -been operated*”* transfer and f, °« friction 

zg&r ** — *»«. 

in secon^order^ana lysis ^ ““ d l ° devel °P simple equations to be used 

STSSJlbte'JilJS'SJS^ SM” 3re Per,ectcd td as- as well 
methods will be the most ^ accurate and a ?.f. 9 ; ne ?- thHcl °rder design 
formulations of third order will ho mi !u S ? t ^ ie ^ on 9est.. The most rigorous 
least rigorous formulations. h lon9er and more accurate than the 
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5 • • COMPARISON OF THE ORY ViUH EXPERIMENT 


Among conventional engines with tubular heaters and coolers and porous regenera- 
tors, there are only three engines that are well enough known and accurately 
enough measured to be considered: 

1. The Allison Stirling engine 

2. The MIT cooling engine 

3. The GPU-3 engine- ......... 

Each one of these will now be described and the comparisons given in the litera- 
ture will be made. 

5 . 3. Allison Engine 

Qvale (67 n) gives the most complete specification of the Allison Model PD-6.2A. 

engine (62 h). These are: • 0 

Phase angle between two volumes =~3- = -118 
Engine speed 3000 rpm (50 Hz) 

V = amplitude of sinusoidal volume variation in hot space 
A " = 2.475 in 3 = 40.56 cm 3 

V = amplitude of sinusoidal volume variation in cold space 
AC = 2.33 in 3 = 38.18 cm 3 

V = dead volume of cold heat exchanger and. ducting and clearance 
C = 1.715 in 3 = 28.10 cm 3 (ducting and clearance accounts for 
1.215 in 3 = 19.91 cm 3 ) . , _ , , iU . 

V D = regenerator dead volume = 4.388 in = 71.91 cm (this . 

R includes 0.488 in 3 on one side and 0.55 in 3 on the other siae 
of the regenerator) 

V u = dead volume of hot heat exchanger and ducting and clearance 
H = 2.59 in 3 = 42.44 cm 3 (includes 1.29 in 3 = 21.14 cm 3 from 
the hot volume 

Surface Temperature - Hot = 1680 R = 933.3 K 

Cold = 628 R “ 348.9 K 

Working gas - Helium 

Mean pressure = 1544 psia = 10.64 MPa 

Cold heat, exchangers 

number af tubes = 152 
ID of tubes = 0.040 in = 0.102 cm 
length of tubes = 2.6 in = 6.6 cm 
Regenerators - 

matrix: screen stack 

wire diameter = 0.0016 in = 0.0041 cm 

mesh = 250/inch = 98. 4/ cm 

filler factor =0.31 

length = 0.8 in = 2.0 cm , 

cross sectional area-of all regenerators = 6.24 in- 

= 40.26 cm 2 

number of regenerators not known 


.h. r n I 
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Hot heat exchanger 

number of tubes « 76 

Inner tube diameter ••= 0.060 In 

length = 6.0 In =< 15.2 cm 


= 0.152. cm 


wa n s 9i n|o Wh lnd al ff r d ,?5i y J S *5 e Phase an 9 ,e the 

formance according to his methods (67 n si ,'rl SS’fhS" 41 .^^ the en9 ' 1ne * er - 
in Figure 5-1 and “5-2 Ovale ?fi7 nlX’n 68 - and k sh °wed the agreement given 

lossJ and the ^U^h^alt!^. 9 ’^. %%% ? n Ml**" 


5.2 MIT Cooling Engine 


U° S Since^'/used tnhilla *• cooling engine and made performance measurements on 
is of interest to large Stirl’ng'enSiSrdlsi^e??!' 0 '' 5 S °' 1d re9enera tors, it 
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The dimensions of this engine are as follows- 
Warm cylinder 
diameter: 
stroke: 

con. rod length: 
end clearance: 

Warm exchanger 

number of tubes: 
outside diameter: 
wall thickness: 
tube material: 
average length: 

(bent in quarter circle) 
Regenerator 

shell inside diameter: 
shell wall thickness: 
shell length: 
shell material: 
matrix: 

ave. diam. of powder: 
porosity: 
matrix retainers: 

Cold exchanger 

number of tubes: 
outside diameter: 
wall thickness: 
tube material: •• 
length: 
cyl i nder 
diameter: 
stroke: 

con. rod length: 
cold cap length: 
cold cap clearance: 
cold cap material : 
end clearance: 


2.0 in 

3.0 in 
14.4 in 
0.010 in 


5.08 cm 
6.62 cm 
36.6 cm 
0.025 cm 


210 

0.047 in 
0.008 in 
304 stainless 


0.119 cm 
0.020 cm 


21.5 


i n 


34.6 cm 


2.065 in 5.245 cm 

0.030 in 0.076cm 

3.4 in 8.6 cm 

stainless steel 

copper-nickel /spheroidal powder 
0.0i0 in 0.025 cm 

0.39 

100 mesh screens at each end 


Cold 


231 

0.047 in 0.119 cm 

0.008 in 0.020 cm 

304 stainless steel 
9 - 4 In 23.9 cm 


1.625 in 
2.5 in 
12.0 in 
7.19 in 
0.004 in 


4.128 cm 
6.4 cm 
30.5 cm 
18.3 cm 
0.010 cm 


linen-filled micarta 
0.010 in 0.025 cm 


i 1 


h i 
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Table 5,1 

Breakdown of Losses and Powers for the Allison 
Model PD-67A Engine with 118° Phase Angle .... 


Opera tiny Conditions 


Speed 

3000 rpm 


50 Hz 

Heat source temperature 

1680 R 


933.3 K 

Heat sink temperature 

628 R 


348.9 K 

Mean gas pressure 

1544 psia 


10.64 MPa 

Work Output 



Basic work, hot cylinder 

285 ft lbf/v 


386.5 J/-v 

corrected for heat 


exchanger performance 

283 


383.7 

Basic, work, cold cylinder 

122.5 


166.1 

corrected for heat 
exchanger performance 

125.5 


170.2 

Net basic work 

Flow losses - cooler 8.8 

157.5 

11.9- 

213.6 

- regenerator 4.1 


5.6 


- heater 22.6 


30.6 



35.5 


48.1 

Predicted net work 




(neglecting motoring 
and leakage losses) 

122.0 


165.4 

| Experimental net work 

108.5 


147.1 

I Heat Input 



I ^ Basic work at hot cylinder 




: corrected for heat 

j exchanger ' 

283.0 


383.7 

' Heat conduction of metal parts 

12.6. ft lbf/ 


17.1 J/-V 

! Regenerator loss 

i FI ow 1 oss in hot * 

25.6 


34.7 

j ; -- control volume 

-24.7 


-33.5 

i Predicted heat input 

296.5 


5027T 

| Experimental heat. input 

287.0 


389.2 

j Predicted Efficiency = 

! 

122 

296.5 

0.411 


I 

i Experimental Efficiency = 

108.5 

287-0 

.0.378 


Predicted Pressure Ratio = 

1.80 



j Experimental Pressure Ratio - * 

1.79 




Net work 
Heat Input 
Efficiency 


•4 


r . •< . 
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The warm end crank was driven. by an electric motor and it in turn drove the 

Thl^niH h ra ^ by u a t ’* min9 belt- The warm-heat exchanger was water cooled. 

ISihSIh f , eXCh ?, n9er u as covere ? a brass shell. An electric heater was 
soldered to the cold exchanger shell to adjust the load to the refriqerator 

Refngerent boiling out of this space was. measured with a rotameter. 

Helium was usedas a working gas. The filling of the shell of the cold heat 
exchanger was either nitrogen, Freon 12 or Freon 13. In steady operation the 
power to the cold-exchanger-shell heater was adjusted to boil, the liquid at 
he same rate that the vapor was condensed on the exchanger tubes A steady 
pressure In the cold exchanger shell Indicated a -stea^ S^cS^teilpeJat^. 

The basic data taken by Rios were as follows: 

1# J??I^ or , d1a ?r ani for the co1d and warm end cylinders and indicator 
diagrams for the pressure drop. These diagrams provided values for com- 

rnin S 2 n ? 9ainst t J e model witfl Perfect components and pressure drop losses 
W d , c "? er and / arm e ? changer temperatures. The warm-end tempera?ure 

thP rSLpnclH n ?i Wa i er £^i et ’ whl le the cold end temperature was that of 
was neg?igib?e f Uld ‘ Dlfference between inlet and outlet cooling water 

refn"geration r " heater P ° Wer ‘ Pr0v1des a direct measurement of the net 

Refrigerator RPM. 

Volume variation phase angle. 

Rate at which gas is vented from cold-exchanger shell. 


2 . 


3. 

4. 

5. 

6. 


fl^ S +u Ub ^ 1Sbed -^ be re sults of 20 data points. These are copied from (69 ar) 
Ire ised C in V ?ab?e C 5.2r the reader (see Tab1e 5 - 2 >- The following definitions 

Windage Power = ^<spdV c 
a) = angular velocity, radians/sec 

* p = p r|! sure drop through heater regenerator and cooler 

QV = nl TTav'on r i* a 1 rkan^A •? ~ a . 


w. 


r w 


differential changs in cold volumes 

■ ft W dV c 

(p w ) ^ AC 

w max AC 

= instantaneous pressure measured in the warm space 
instantaneous volume of cold space 


V AC " cold cylinder volume amplitude 

= (V - v . )/2 
v max v min' / ‘ 


V 


where in addition: 


p dV 
K w w 

Tp") Vj" 

w max m 


V w s instantaneous volume of warm space, cm 3 
V AW = warm cy’inder volume ampl itude^_cml_ 


ib/ 


ft 


- ; 



Table 5.2 

Summary., of Rios' Data (69 ar) 


Test 

No.. 

T c 

F 

T « 

K 

Phase 

Angle 

0 

Vapor 
around 
cold HX 

Speed 

RPM 

Refrig. 

Load 

Watts 

1 

- 14.5 

42.0 

62.0 

Freon 12 

-326 

91.0 

2 

- 6.0 

41.5 

89.5 

Freon 12 

326 

111.6 

3 

- 11.0 

42.0 

102 jO 

Freon 12 

326 

98.0 

4 

- 12.5 

41.0 - 

76.0 

Freon 12 

. 326 

86.0 

5 

-163.3 

38.5 

75.0 

Freon 13 

325 

86.6 

6 

-163.3 

37.5 

88.5 

Freon 13 

325 

93.0 

7 

-167.3 

38.5 

101.5 

Freon 13 

325 

101.5 

8 

-162.0 

38.-5- 

62.0 

Freon 13 

325 

76.0 

9 

-162.0 

38.5 

61.0 . 

Freon 13 

483 

S3. 6 

10 

-164.7 

37.5 

74.0 

Freon 13 

483 

120.0 

11 

-164.0 

37.5 

87.5 

Freon 13 

483 

125.0 

12 

-164.0 

37.5 

101.0 

Freon 13 

483 

108.0 

13 

-317.2 

38.3 

87.0 

Ni trogen 

480. 

48.5 

14 

-315.4 

. 38.3 

73.5 

Nitrogen 

480 

44.0 

15 

-314.2 

38.3 ... 

... 101.0 

Nitrogen 

481 

0.0 

16 

-311.6 

36.3 

61.5- 

Ni trogen 

485 - 

* 

17 

-313.0 

36.0 

87.5 

Ni trogen 

325- 

29.5 

18 

-316.2 

37.0 

101.0 

Nitrogen- 

325 

0.0 

19 

-316.8 

38.3 

75.0 

Nitrogen 

325 

0.0 

20 

-311.2 

38.3 

62.0 

Nitrogen 

325 

0.0 
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Table 5.2 Continued 


lest 

No. 

27 

(watts) 

W 

c 


P 

Miiax 

psia 

P ’ 
Min n 

ps i a 

r 

P 

1 

11.1 

0.521 

0.432 

176.4 

73.6 - 

2.41 

2 

20.0 . _ 

...a, 601 

0.496 

177.1 

91.8 

1-93 

3 

24.4 

0.637 

0.525- 

■ 160.6 

83.7 

1.92 . 

4 

15.7 

0.571 

0.486 ~ 

~~ 165.9 

75.8 

2.18 

5 

17.0 

0.441 

0.625 

289.1 

124.1 

2.33 

6 

21.8 

0.480 

0.667 - 

— 262. 1 

123.8 

2.12 

7 

28.6 

0.496 

0.641 

257.6 

131.5 

1.95 

8 

22.9 

0.388 

0.580 

.279.9 

117.2 

2.38 

9 

31.4 

0.377 

0.589 

228.0 

87.5 

2.61 

10 

42.0 

0.439 

0.638 

242.7 

100.0 

2.43 

11 

57.6 

0.499 

0.681 

226.4 

103.5 

2.18 

12. . 

.... 72.2 

0.519 

0.619 

220.9 

108.7 

2.04 

13 

74.6 

0.325 

0.806 

313.0 

131.7 

2.38 

14 

56.4 

0.299 

0.750 

321.7 

125.3 

2.56 

15 

76.9 

0.366 

0.827 

224.2 

96.5 

2.33 

16 . 

26.5 

0-279 

0.710 

169.8 

62.0 

2.74 

17 

23.4 

0.320 

. 0.722 

301.0 

133.3 

2.26 — 

18 

29.4 

0.336 

0.799 

269.9 

125.8 

2.14 

19 

17.2 

0.286 

0.760 

- 298.6 

122.0 

2.45 

20 

- 38.6 

0.280 

0.672 

308.7 

120.5 

2.56 


Static hoat lock at i atm « 39 watts 
Static heat leak at 2,0 torr = 25 watts 

* venting nitrogen vapor from cold exchanger shell 'with no load 



I 


and finally: 


s max 
— P min 

Explanations of the Rios theory were not given in Section 4. During the current 
effort the author was not able to completely review andbecome familiar with, 
it. However, he now has the computer program and one might be able to use it 
without really understanding it. Rios claims very close agreement ..between 
his theory and experiment. In Figures 5-3, 5-4 and 5-5 the ® r ® 

experimental points from Table 5-2. The lines are calculated by his comp t 
program. These results show very good agreement at almost every point. The. 
parameters used in the captions in Figures 5-3 to 5-5 are defined as follows. 

r V j = displaced-mass ratio = V- AC T W /V ftW T c 
T = heat exchange temperature, absolute degrees 
V D = m D RT w /pV AW = reduced dead vo1ume 

m Q = mass of gas in dead space, grams — 

R = gas cons-tant, J/g K 
p = instantaneous pressure, MPa 
r = ratio of connecting rod length to one-half the stroke 
cs . 

The Quantity V n is given as a constant although both m D and p vary during the 
cycle If the D dead volume gas temperatures do not change, m Q is proportional 
to p and Vp. would be a constant. This needs to be discussed. The quantity r cs 
is given as 4.8. But in appendix G of the Rios thesis (69 ar) the ratio for 
the connecting rod length to the full stroke is 4.8. Rios writes that the 
latter is correct. 

Measured and calculated pressure drops are given for Rios’ 20 data points (see 
Table 5.3 and Figure 5.6). Good agreement. is shown although there is increased 
scatter at the Tower values. 

5.3 The GPU-3 Engine 

This engine is described in detail in Section 3.3. Figures 3-24 and 3-25 show 
that the efficiency and engine power now at NASA-Lewis are about as good as 
they were when the engine was first tested at Ft. Bel voir by the U.S.. Army. 

Eight test points are given in Table 3-8. It is planned that the various ways 
of computing Stirling engine performance will be compared with experimental 
measurements now being made with the engine. 

Table 5-4 shows the computed results using th.e NASA-Lewis 3rd order calculation 
procedure explain ed . i . n ... Se ction 4.4. 

Table 5-5 shows the computed results using the 2nd order calculation procedure- 
given in Section 7. Both Table 5-4 and Table 5-5 givea detailed breakdown 
of the basic powers and heat inputs along with an itemized. list of the losses 
in approximately the same format. Table 5-6 compares the indicated power output 
and the indicated efficiency obtained from the two methods of computation.. Noxe- 
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Table 5-4 

LeRC Computed Performance for GPU-3 Test Points 
Heater Average Gas Temperature 978 K. (1760 R) 
Cold Metal Temoerature 295- M 520 R) 


Test Point 

1 

2 

3 

4 

5 

6 

7 

8 

Engine Speed, RPM - 
Hz 

1500 

25 

2000 

33.33 

2500 

41.67 

3000 

50 

3000 

50 

1500 

25 

3000 

50 

1500 

25 

Mean Pressure, -MPa 

2.068 

2.068 

2.068 

2.068 

4.136 

4.136 

2.758 

2.758 

psla — 

300 

300 

300 

300 

600 

600' 

400 

400 

Power, watts (HP) 

2163 

2968 

3758 

4541 

8650 

4347 

5824 

2938 

Basic (indicated + windage) 

(2.90) 

(3.98) 

(5.04) 

(6.09) 

(11.6) 

(5.83) 

(7.81) 

(3.94-) - 

Total Flow Friction 

44.7 

96.9 

179 

298 

1044 

157 

783 

119 

(heater + regenerator + 
cooler + end effects) 

(.06) 

(.13) 

(.24) 

(.40) 

(1.4) 

(.21) 

(1.05) 

(.16) 


2118 

2871 

3579 

4253 

7606 

4191 

5041 

2819- 

Indicated Power 

(2.84) 

(3.85) 

(4.80) 

(5.69) 

- (10.2) 

(5.62) 

(6.76) 

(3.78) 

Mech. Friction (*2xBasic) 

432 

597 

753 

910 

1730 

872 

1163 

589 

(.58) 

(.80) 

(1.01) 

(1.22) 

(2.32) 

(1.17) 

(1.56) 

(.79) 


1685 

2274 

2826 

3333 

5876 

3318 

3878 

2230 

Brake Power 

(2.26) 

(3.05) 

(3.79) 

(4.47) 

(7.88) 

(4.45) 

(5.2) 

(2.99) 

Heat Input, watts (HP) 









Basic (includes everything 

4004 

5391 

6786 

8158 

16629 

8322 

11051 

5563 

except shuttle loss , 
static conduction and 

(5.37) 

(7.23) 

(9.10) 

(10.94) 

(22.30) 

(11.16) 

(14.82) 

(7.46) 

windage credit) 

410 

410 

410 

410 

336 

336 

336 

336 

Shuttle Loss 

(.55) 

(.55) 

(.55) 

(.55) 

(.45) 

(.45) 

(.45) 

(.45) 

Static Conduction 

1044 

1044 

1044 

1044 

1044 

1044 

1044 

1044 

(1.40) 

(1.40) 

(1.40) 

(1.40) 

(1.40) 

(1.40) 

(1.40) 

(1.40) 

Windage Credit (total 

-22.4 

-44.7 

-89.5 

-149 

-522 

-74.6 

(-.10) 

-388 

-59.7 

(-.08) 

windage loss/2) 

(-.03) 

(-.06) 

(-.12) 

(-.20) 

(-.70) 

(-.52) 

Net Hea* Input, watts (HP) 

5436 

6801 

8151 

9463 

17561 

9702 

12118 

6957 

(7.29) 

(9.12) 

(10.93) 

(12.69) 

(23.45) 

(12.91) 

(16.15) 

(9.23) 

Brake Efficiency (%) 

31.0 

33 ;4 

34.7 

35.2 

33.6 

34.5 

32.2 

32.4 

Indicated Efficiency (%) 

39.0 

42.2 

43.9 

44.8 

43.5 

43.5 

41.9 

41.0 

Temperatures, K (R) 









Time averaged gas 

979 

979 

979 

979 

979 

978 

975 

978 

temperature in heater 
(Point 5, Fig. 3-27) 

(1762) 

(1762) 

(1762) 

(1762) 

(176-2) 

(1760) 

(1755) 

(1760) 

Cold Metal 

294 

294 

294 

294 

294 

294 

294 

294 

(530) 

(530) 

(530) 

(530) 

(530) 

(530) 

(530) 

(530) 
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Table 5-5 

Computed Performance for GPU-3 Test Points 
Hot Gas Temp. 978 K (1300 F) 
Cooler-Temperature 295 K (70 F) 
Cooling Water Flow, 6 GPM 


Test Point 


1 


Working Fluid 

Enaine Speed, RPM 
Hz 

Mean Pressure, MPa 
psva 

Power, watts 

Basic Power Output, BP 

Flow Friction Heater, WPH 

Flow Friction Regen., WPR 

Flow Friction Cooler, WPC 

Indicated Power, IP 

Mechanical Friction, MFL 

Brake Power, NP 

Heat Input,- watts 
Basic, BHI 

Reheat Loss, QRH 
Shuttle Loss, QSH 
Static Conduction, QS 
Pumping Loss, QPU 
Temp. Swing, QTS 
Internal T.S. , QITS 
Heater Friction Credit, WPH 
Half Regen.* W. Credit, WPR/2 
Net Heat Input, QN, watts 
Brake Efficiency, % 

Indicated Efficiency, % 

Temperatures, K 
Hot Metal 

Effective Hot Space 
Regenerator 
Effective Cold Space 
Cold Metal 
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h 2 

1500 

25 

2.068 

300 

2287 

12 

93 

2 

2180 


h 2 

2000 

33.33 

2.068 

300 

3113 

26 

169- 

4 

2914 


h 2 

2500 

41.67 

2.068 

300 

3940 

49 

267 

7 

3617 


h 2 

3000 

50 

2.068 

300 

4742 

82 

389 

11 

4260 


He 

3000 

50 

4.136 

600 

9405 

289 

912 

39 

8165 


. He 

1500 

25 

4.136 

600 

4736 
4 V 
217 
6 

4472 


He 

3000 

50 

2.758 

400 


6293 

209 

880 

28 

5176 


He 

1500 

25 

2.758 

400 


3067 

30 

211 

4 

2822 


457 

623 

788 

949 

1882 

947 

1259 

613 i 

i 

1723 

2291 

2829 - 

3311 

6283 

3525 

3917 

2209 : 

j 

3415 

4603 

5791 

6960 

1 3860 

6957 

9259 

4566 - 

104 - 

156 

214 

277 

337 

126 

191 

72 

449 

448 

447 

445 

379 

381 

379 

381 ! 

1118 

1118 

1118 

1118 

1108 

1108 

1108 

1108 

14 

22 

31 

41 

79 

26 

42 

14 

52 

69 

87 

104 - 

146 

73 

65 

33 

0 

0 

0 

1 

1 

0 

0 

0 1 

-12 

-26 

-49 

-82 

-289 

-41 - 

-209 

-30 | 

-47 

-85 

-134 

-195 

-456 

-109 

-440 

-106 * - | 

5102 

6305 

7505 

8769 

15165 

8521 

10395 

6049 j 

33.8 

36.3 

37.7 

37.8 

41.4 

41.4 

37.7 

36.5 i 

42 J 

46.2 

48.2 - 

48.6 

53.8 

52.5 

49.8 

46.7 j 



not 

cal' 

c u 1 a 

ted 


1 

978 

978 

978 

978 

978 - 

. 978 

978 

978 

570 

570 

570 

570 

570 

570 

570 

570 

323.33 

. 316.55 

312.62 

311.66 

314.30 

312.07 

313.24 

321.25 

295.48 

295.70 

295.93 

296.17 

297.41 

296.02 

296.66 

295.66 
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Table 5-6 

Comparisons of Indicated Power Output and 
Indicated Efficiency for GPU-3 Test Points 


Test Point 

1 

2. 

3 

4 

5 ... 

6 

7 

8 

Working Fluid 

h 2 

H 2 

H 2 

H 2 

He 

He 

He- 

He 

Engine Speedy 
RPM 
Hz 

1500 

25 

2000 

33.33 

2500 

41.67 

3000 

50 

3000 

50 

1500 
■ 25 

3000 

50 

1500 

25 

Mean Pressure, 
MPa 
psia 

2.068 

300 

2.068 

300 

2.068- 

300 

2.068 

300 

4.136 

600 

4.136 

600 

2.758 
400 - 

2.758 

400 

Indicated 
Power, watts 
LeRC 
Sec. 7 

2118 

2180 

2871 

2914 

3579 

3617 

4253 

4260 

7606 

8165 

4191 

4472 

5041 

5176 

2819 

2822 

Indicated 
Efficiency ,% 
LeRC 
Sec. 7 

39.0 

42.7 

42.2 

46.2 

43.9 

48.2 

44.8 

48.6 

43.5 

53.8 

43.5 

52.5 

41.9 

49.8 

41.0 

46.7 


that agreement is usually good between the two calculation methods for low 
engine speed (25 Hz). As speed increases the second order design method 
described in Section 7 predicts a higher rate of increase in power than the third 
order calculation procedure formulated by LeRC and described in Section 4-4. 

At this point, no experimental measurements have been received. It will be 
very interesting to see how they compare with these predictions. 
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6. AUXILIARY STIRLING ENGINE DESIGN PROBLEMS 


More than is usually the case for engine design, the design of a proper Stirling 
engine requires the close and interactive cooperation- among 1) the engine thermo- 
dynamicists who figure the power output and heat input for a particular engine 
configuration, 2) the mechanical designer who works out the seals and the mech- 
anisms that operate the pistons and the displacer, 3} the designers who add 
required components, such as the burner and air preheater, s-tarting motor, power 
control system, transmission system, etc., and 4) the manufacturing engineer who 
determines whether the machine as designed can be built so as to be sold for an 
attractive price in the market place. 

Discussion of the various Stirling engine component design problems falls outside 
the scope of the present effort. Some of these problems were discussed briefly 
in Section 2 and Section 3. The subject index to the references (Table 8--5.) 
can give the reader access to pertinent literature. 
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7 - S AMPLE design procedure 

a preliminary^ndlSatioJ’of howTltiH?™ enoi' 9 " [} r0( : edures are useful to give 
applied in a new situation. P engine designed by experts ca-n be 

from scratch^ tl5n? e tK2t d «^S ^J- 9 ! 3 Stirlinq en P ine 

comparison with some small' enqine tests fn l made have been found b r 
tions over a usable range of enqine oSratln? t 2 . + r ? asonable accurate predic- 
procedure is simple enough to be done P a few timp^h^h^; A T ^ econd order design 
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some. Even th^simp^est^^ [®| 1 J|^f b “ t 1 a1so much more labor- 

SIS? engine^! improved S W^i^***” ^fo'XcTof 
can provide valuable insight to how 9 the e^in^f ex P? nrae [] ta l measurements it 
information that cannot b e 9 measured JeliaEli wfl? nS ,i y pr ? vidl ‘ ng much..-., 
procedures have the -following uses : y ‘ Specifically, third order 
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MLSft engined mperfectl ons SS T "“ ,d 
distributions in heateAead aJd f!ow ™.?dis?rtbutTSnT. temperature - 
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The procedures outlined in this sect ^ licat ^equi remenfand' 1 

operating conditions and proceed to caj 1 t ions described in Sections 4 .?. 
the output power. The procedure ses th equally ■ a nuniber 0 f 
and 4.3. Section 7.1 .gives the blank design torra 1 ^ use Qf heliunu . 

Jlli; 

Kne": qi Seclior7!ruser?he e delign for, fro. Section 7.1 to calculate the 
performance of operating point 1 on Table 3 . 

7 . 1 S tirling Engine Design . F^rii^-JL_ R- Martin1 * ■ Q — 

1. Type of Piston Arrangement 

1.1 Alpha: Dual Piston 

DE - diameter of expansion , hot, piston — _ 

SE = stroke of expansion piston — CIT1, 

DC = diameter of compression, cold, piston cm> 


SC = stroke of compression piston 


cm. 


1.2 Beta: Displacer-Piston Overlapping-Strokes 

OCY = diameter of engine cylinder — cn ' 

SD .= stroke of displacer cm 


SP = stroke of power piston 
DDR = diameter of displacer drive rod 


cm. 


cm 


1.3 Gamma: Displacer and Piston in Separate Cylinders 

DO = diameter of displacer cylinder — cm * 

SD = stroke of displacer cm< 

cm. 


DP = diameter of power piston cylinder 

SP = stroke -of power piston cm - 


DDR = diameter of displacer driver rod 


cm ... 


2. Dead Volumes .and Heat Exchangers and Wall Thicknesses 

2.1 Volumes and Heat Exchangers at Heat Source Temperature 


lbH 


* 

I 

i 


A. 


*%**■«* 




■**^****mmm* *.■**, «**»*■ • ^- 1 - - rj ) 


^ 'Wi 


***** 'MUrtlfl 


VIIDX - extra hot dead volume besides that in "the gas heatet 


2.1.1 Tubular Gas Heater 

NTH ••- number of heater .tubes per power unit 

LH = total length of each heater tube 

LHHT = heated length of each heater tube 

DIH = inside diameter of heater tubes _____ 
DOH = outside diameter of heater tubes 

2.1.2 Annular Gap. Gas Heater 

LHHT = heated length of heater surface 
GH = single annulus heater gap thickness 

2.1.3 Nesting Cone Isothermal izer 

NC = number of cones on piston or displacer 

DC1 = diameter of cone at base cm. 

LC1 = length of cone cm. 

SCL = stroke clearance cm. 

2.2 Volumes at Regenerator Temperature 
2.2.1 Screen Regenerators 

LR = length of regenerator - cm. 

NR * number of regenerators/uni.t . 

DR = diameter of each, regenerator 
NS = number of screen layers 


MSH = mesh size 


wires/ cm. 


THW = thickness of wire in screens cm. 

FF = filler factor, fraction.. of regenerator volume 
filled with wires 


.J _ TJl 


I 




Screen material — — 

2.2.2 Slot Regenerators 

LR = length of regenerator _ cm. 

GR = regenerator gap thickness cm * 

AF = free flow area through regenerator 

THF = thickness of foil separating gaps 

2.2.3 Displacer or Hot Cap Gap Volume 

ID = length of displacer — cn1 -- - - 

DCY = diameter of cylinder around displacer __ 
GR = gap between displacer and cylinder wall 

Displacer wall material — 

Cylinder wall material — ~ 

WT1 = wall thi-ckness of displacer, — 

WT2 = wall thickness of cylinder wall 


ru - ntnicciv/1 t\y n f hot surface 


r j • „ ~ 1 


EC - emissivity of cold surface inside of displacer or hot 
cap * 

NRS = number of radiation shields inside the displacer 
or hot cap _• 

2.3 Volumes and Heat Exchangers at Heat Sink Temperature 

vcox - extra cold dead volume besides that in the gas cooler 

3 

cm . 

2.3.1 Tubular Gas Cooler 

NTC - number of cooler tubes per.jiower unit — 


i /o 




LC = total length of each cooler tube 


cm. 


T .TTTTT 


■“I 


.i 4 — ... - 


...1 • -i 


I «'*. -vrt 


i r.HT -.. r.n nled length of each cooler -tuba.. 

DIC = inside diameter of cooler tubes 

DOC = outside diameter of cooler tubes _ 
2.3.2 Annular Gap Gas. Cooler 

LCHT = cooled length of cooler surface _ 


cm. 


GC = single annulus cooler gap thickness 

2.3.3 Nesting Cone Isothermal izer_ 

NC....* number of cones on piston or displacer 

DC! = diameter of cone at 'base cm. 

LC1 = length of cone 


SCI = stroke clearance 


cm. 

cm. 


2.4 Regenerator Wall Dimensions (see -figure 4-24) 
AH TH = heat conduction area. at hot end 


cm. 

cm. 


cm. 


cm. 


AHTB = heat conduction area at level B _ 

AHTA = heat conduction area at level A _ 

AHTC = heat conduction area at cold end 

LHB = hot length regenerator wall 


cm 


cm^ . 


cm 


cm 


cm. 


LBA = middle length regenerator wall 
LAC = colcLlength regenerator wall _ 
Regenerator wall material __ 


cm. 


cm. 


Temp K 


THM = 

- - 

KMH = 

TB = 

(est .) 

KMB = 

TA = 

(est .) 

KMA = 

TCM = 


KMC = 


Thermal Conductivity 
w/cm*K- 


1/1 


If,! T -RTTTTTT 


Li 


T 


4. tur iM *vjyw •« v«><* ^ Y**w . 


2.5 Cylinder Wall Dimensions (see Figure 4-23) 


AHTH = heat conduction area at hot end 
AHTB = heat -conduction area at level B. 
AHTA = heat conduction area at level A 


cm 


2 

cm . 


cm 


AHTC = heat conduction are?, at cold end 
LHB = hot length regenerator wall _ 


cm 


cm. 


3. 


LBA = middle length regenerator wall 
LAC = cold length regenerator wall _ 

Cylinder wall material 

Level Temp^ K 

THM = _ 

TB = (est) 

TA = (est) 

TCM = 

Drives 


cm. 


cm. 


Thermal Conductivity 

KMH = w/cm*K 

KMB = 

KMA = 

KMC = 


N = Number of power units/engine 


3.1 Alpha •• Swasnplate (Ford-Philips) 
ALPH = phase angle (usually 90°) _ 

3.2 Alpha - Crank (United Stirling) 

LCP. = connecting rod length 

RC = crank radius cm. 


cm 


ALPH - phase angle (usually 90°) 


3.3 Beta -Rhombic Drive 

LCR = connecting rod length 

RC s crank radius cm. 


cm. 


1 


4 


172 


T 


T 
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! “ ! 

I ' .' 
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i 
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i 
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ECC = crank eccentricity Csfifi-Figure 4-15) cm. 

3.4 Beta or Gamma - Crank 

LCRP = length of power piston connecting.rod cm. 

RCP = crank radius for power piston cm. 

LCRD = length of displacer connecting rod cm. 

RCD = crank radius for.. displacer cm. 

ALPH = crank angle. usually about 90°. 



3.5 Beta or Gamma - Scotch Yoke or other-SHM Linkage 

ALPH crank angle °. 

4. Given Operating Conditions - 

TC = effective temperature in cold, compression space 


K. 





y •' 





m ; 


K = C + 273.1 
K = ( F +• 460 ) / 1 .8 


Make initial 
estimate 


TH = effective temperature in hot, expansion space, 

initial estimate or measurement — K. 

FCW = cooling water flow g/sec. 

TCWI = Temperature of cooling water into engine K. 

NU = engine frequency HZ. 

(HZ = RPM/60) 

PMAX = maximum engine pressure MPa. 

MPa = 0.006894 (psia) 

= 0.1013 (atm) 

PAVG = time, averaged mean prescure MPa. 

THM = heat source metal temperature K. 

TCM = heat sink metal temperature K. 

Working Gas . 


( 








■ + ? < ) 2 ( ) ( 

for annular gap gas heater 

* VHDX + 1T ( DCV or DD) (LHHT) (6H) 

= + "( ) ( )(..)« 

for nesting cone isothermal izer 

= VHDX + J{DE or DCY or DD) 2 .(SCL) 

= .+ £( ) 2 ( )=_ 

VRD = regenerator dead volume, cm 3 


for screen regenerators, short ca T n>lation 
VRD = Nr(J)(DR) 2 -(LR)(1 - FF) 

( ) J ( ) 2 ( ) (1 - ) = 





s VCDX + ^-(DE or- DCY or DD) (SCL) 


’ IT f 

+ T ( 


•or beta type, ALPH = 9° 
ic nHX = VCD, calculated abo;e 


VCD = VCDHX - VCL 



General Intermediate Parameters 

TAU = TC/TH = ( )/( ) = • 

TR = (THM - TCM)/ln(THM/TCM). = .. 

= ( - )/ln( / 

KAP = VCL/VHL * ! = - 





MPa 


7. Basic Power Outputs 

7.1 Alpha Engine - Schmidt Equation 





















f . I I FT 


, • -T 


i ! 



< I 


t J t 


1 i ... ~4. 


(PHI)) 


sin(PHI) 


VH is . calculated for PHI = 0 •* 360 and entered on previous page. 
VT = VH + VC + VRD = VH + VC + 

VT is calculated for PHI = 0_+ 360 arid entered on previous page. 


P = VH I VRD"”yC ‘ VH _ + + VC _ 

TK + iR TC 

P is calculated for PHI « 0 to 360 and entered on previous page. 


PHI = 360 

E 

PHI = 30 


P / 12 


(see previous page) 


i: Do Not Add in P at PHI = 0_ 


M(R) 

PC=.pfeVp( ) 


PC u calculated for PHI - 0, 30. 360 and entered on previous pg. j j ; 

PC is integrated verses VT using the trapezoidal rule.ie. j . i 

DELW = ^ *-?S L (VT2 - VT1 ) - - i j 

j f ’ 

For the first in creme nt the subscript 1 stands for PHI - 0 1 . j 

and the subscript 2 stands for PHI = 30°. For_the_second j j : 

increment the subscript 1 stands for PHI = 30° and the y- j 

subscript 2 stands for PHI = 60°. DELW is sumed for all S ' 

12 increments. (See previous pageL — 1 | 


iL. 


flow rates are now computed 


P(VH) 

FH = m(R)(th1 


p(vh) 


m(r) = __ 

M = K3T4 = "OTT 


g mol 


1S calculated for PHI ■ 30 to 360 


and entered 2 pages back. 


F+1 1s graphed and effective times for steady flow 1" i*^ 7-1) 

FCT1 FCT2 * 

FCTH - fSl^SSl ’ * ’ 


FHMIN = 


(FHMAX - FHMIN )Mj 
WHS = fCTH/NU 


p(vc) . W£L 
FC = mTrITTcT 



g/sec 


is calculated for PHI - 30 to 360° and entered 2 pages back. 

FCMIN = 

FCMAX - __ . t are determined 

. . .. e flow m and out are u C 


FCMAX - __ 


FCMIN 


FC is graphed a 
FCT 3 = _ 


,i effective times for steady flow 


FCT 3 +__FCT4. = _ ~ 

FCTC = 2 

fFf.MAX - FCMINMM^ 



For the regenerator - 

FCT *■ (FCTH + FCTC)/2 - ( 


WRS = (WHS + WCS)/2 = ( 


g/sec 


7.5 Crank Drive - Alpha Engine 


■*J(DC‘0 2 { ( RC) -V(LCR) 2 - (RC sin (PHI)) 2 
+ RC cos (PHI) + LCR } + VHD 


in (PHI)) 


cos (PHI) + 


- (_ sin (PHI)) 2 

(PHI)} + 

v (LCR) 2 - [(RC sin (PHI + ALPH)) 


VC = J f(DCY ) 2 - (DDR ) 2 


- RC cos (PHI + ALPH) - LCR + RC } + VCD 


(PHI + . 


> 2 ) {V( ) 2 - (( 


cos (PHI + 


-} 


- sin (PH-I + 

cos (PHI + ) - 


VT = VH + VC + VRD = VH + VC + 




VH, VC, VT and P are calculated for PHI = 0, 30, 60 360° 

and entered on the next page. 



Note: Do Not Add in P at PHI = 0 



Calculate PC and enter on next page, 

PC is integrated vs VT using the trapezoidal rule as explained 
in previous section, 

12 

BP = NU. (1 .045) ^ DELW 

1 

= (1 .045) * watts 

Effective flow rates and effective fractions of the cycle times these flows 
are assumed to occur in are computed using the method qiven in 7.4, 

7.6 Rhombic Drive Beta with adiabatic hot ana cold spaces. 
Calculate VCLX and VHLX- as in 7.4. 

VT = VCLX + VCD + VRD + VHD + VHLX 

= VCLX + + + + VHLX 

= VCLX + + VHLX 



1H.1 



r f i r n 




> i 


Enter VCLX, VHLX ami VI for PHI 0, 30 360 on 

next page. 


„ VHD , VRD , VCD 
M - Y\\ + tr TC 


cm 3 / K 


qas hy drogen helium _ ai r 

E 0.286 JO. 400 0.286 


For X = 1 first calculate 1H (check 1) 
if VHL-1 > VHL12' □ 


if VHLS < VHL12 Q - 


THS12 


VHL1 - VHLl: 

TH (ft?) 


THS12 


[m) 




For the fi rst time around, THS12 and PI 2 will not be known. Assume 
THS12 = TH and P12 = PI , so no.. matter which inequality is true: 


cm 3 / K- 


Enter at top of XH column on next page. 
Next, calculate 1C (check 1) 
if VCL1 > VCL12 □ 


if VCL1 < VCL12 □ 


VCL12 


VCL1 ^ VCL12 


(ft?) tc (ft?) 


TCS12 (j^) 




( £L ) 























For the fjrst time around, TCS12 and PI 2 will not be known. Assume 
TCS12 = TC and PI 2 = PI. So no matter which Inequality is true:. 


ir - VCL1 . 
IL “ TC ' 


cm 3 / K 


Enter at top of XC column on previous page. 
Now PI is -determined by: 


' 1H + K1 + 1C 

In general, solve for PI by a successive approximation method. 
Enter PI on previous page at top of column PX. Then- knowing PI , 
calculate 1C and 1H and enter top of columns XC and XH on previous 
page. For the first time around PI can be solved directly. 


THS1 = = 

mo = m . 


Enter these .at the top of their columns on previous page. 
For X =_2 


VHL2 > VHL1 □ 


VHL2 - VHL1 


(-) 


VHL2- < VHL1 Q 


/P2\ 

\pt; 


fc) 
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r f f 


yk 

ix 

.»■ Sr 


i O 


I i 


i ? 

i ■> 


i • 


~ — 




.. r . , 

i 1 f , 



i j 

i 

. ; i ! 

! i 

i v ■■ . 


.1. 


7 — r— f pr 


i 
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VCL2 > VCL1 □ 


2C » 


VCL1 


VCL2 - VCL1 


OR VCL2 < VCL1 □ 
VCL2 


T CS1 ($) TC (Jf) 


2C 


p> 


p) 


2C = 


TCS1 


/ P2\ 

\pT| 


E 


2C = 


P) 


P2 = 


2H = 


THS2 


1 

2H + K1 + 2C 


2C = 


_ VHL2 .. 
2H “ 


TCS’ - VCL2 . 

I Lb. 2C 


K 

K 


P2> 2H, 2C, THS2 and TCS2 are now entered on the second line of 
the table -2 page back. The process continues as is outlined for the 
rest of the cycle back to PHI = 360°, X = 1 .- The pressure at 360°, PI, 
will be different than -the pressure at 0°, PI. The calculation 
procedure .must continue until the -hot space and cold space 
temperature and the cycle pressure repeat with adequate accuracy. 

This -procedure must be programmed on ahand-held computer, at 
least, to be practical. 

8.- Fluid Friction loss 

8.1 Regenerator Windage 

8.1.1 Screens — VHL = 

TR = 

PAVG = 


2 

cm (from 5.1 or 7.4) 
°K (from 6) 

MPa (from 4) 




,t 
' I 


k 


i .. 


■ 1 


I I 


) 


I i 


L 


■r ' I 

I I 1 


for hydrogen*. 


MU « 88 


.73 x 10‘ 6 + 0.2 x 10" 6 (TR - 293) + 0.118 x 10* (?AVG) 



g/cm sec 


for helium: 


MU = 196.14 x 10" 6 + 0.464 x 10~ 6 (TR - 293) - 0.093 x 10~ 6 (PAVG) 


g/cm sec 


for air: 


MU = 181 


.94 x 10' 6 '+ 0.536 X TO -6 (TR - 293) +.1.22 X 10‘ 6 (PAVS) 


g/cm sec 


RHOM = mean gas density 


H 2 He cir 

MW - 2.02 4.00 29 


MW PAVG 273 = 0tl 202 

22 ,411 OTIOTJ TR TK 


0 . 1202 ( )( L 

( ) 

For analytical Schmidt Analysis 

WRS = (VHL) (NU) (3) (RHOM) = 3( 
= g/sec 

For numerical Schmidt analysis (from 7.-4) 


WRS = 


g/sec 


•■“ft* 


g/sac cm 


190 


AHT - (MSH)(THW) (DR) (NR)(NS) 

»%£( h k 


RH = AC(LR)/(AHT) : 

RE = 4CRHJG . 4L 
Kt MU i 


If RE < 60: 


log F * 1.73 - 0.93 log (RE) 


If 60 < RE < 1000: 

log F « 0.714 - 0.365 log (RE) 


If RE > 1000: 


log F = 0.015 - 0.125 log (RE) 


DELP = 


2(10 / )(RH)(RH0M) 


DELP = -4 n L — L 

(2 x 10 7 )( )( 

For analytical Schmidt Analysis 


WPR = (DELP) (VHL) (2) (NU) = 


watts 


i * 


i 


FH 


FT 


TT 


F w " P 




rm 







For numerical Schmidt analysis 


192 


WPR - (PELF ) (WRS) (2) (FCT ) 
WIK (RHQM) 


( 


T 


)i 


T 


M. 


±- 


watts 


8.1.2 Slot or Annul i i Regenerator 


RH = GR/2 


,L 


1 


cm 


MU, RHOM, and ..WRS calculate, in 8.1.1, 


G = MS = 
b AF 


g/sec cm 


RE 


= 4 ( RH ) G = 4 (_ 


K 


1 = 


MU 


If RE < 2000 
24 _ 24 


E_= 


re r 


T 


WPR 


= F(G) l(VHL)(NU) = 
10^(RH) (RHOM) 


If RE > 2000 
log F = -1 .34 


= L 


11 


lo^C 


A 


1 L 


1L 


)( 


WPR = 


watts 


8.2 Gas Heater- Windage 
8.2.1 Tubular Heater 
for Hydrogen: 

MU = 10 _6 { 88.73 + 0.2(THM 




' • I. 


0.20- 

log(RE) 


293) .+. 0.118 (PAVG) j 


g/cnusec 


; i 
* i 


i 

; * 


M 


lor Helium: 


MU -- 10" h {uni. 14 + 0. 404 (HIM - 2 93) - 0.093 (PAVll) 


» 9/ cm* sec 

for Air: 

MU => TO" 1 ' 1 181.94 + 0.536(THM - 293} +■ 1.22 (-PAVG)j 

MU -• __ 9/cm- sec 

H., He air 

MW -• 2.02 4.00 29 

RHOM * 0.1202 MW (PA VO)/ (THM) 

* 0 . 1202 ( )( )/( ) T: 

for analytical Schmidt analysis 

WHS ■ (VHL) (NU) (3) (RHOM) p 3( )( )( 

« 9/ sec 

tor numerical Schmidt analysis (t rout . / . 4 ) 

WHS ■ ti/soc 

AC (NTH) ( PIN)** , n /4 a ( )( y' n /4 = _ 

*v 

cj/cm 1 " sec 

If RF < 2000, F - 1 1 \/ RF *= 10/ ( ) ’ 

If RF - 2000, 1 09 F -1 .34 =.iL,20 loo (Rll 


0 =- WHS/AC 3 | — -j- = ... 

RF = ^ JJ — j — i 





8.2.2 Annular Gap Heater 

Find MU, RHGM arid WHS in 8.2.1 

AC = n ( DCY ) ( GH V = «( )( ) = 



If RE < 2000, F = 24/RE = 24/ ( ) = 

If RE > 2000, log F = -1.34 - 0.20 log (RE) 




I 


i 




''****+ *^‘ 4 ^ ' 7-^4 


8.2.3 Nested Cone Isothermal izer 

Find MU, RHOM and WHS In 8.2-1 



If RE < 2000, F « 24/RE = 24/( ) 8 

If RE > 2000, log F = -1.34 - 0.20 log (RE), F = 





i 


f f 


T 7 


Gas Cooler Windage 
a * 3 . 1 Tubular Cooler 
Tor Hydrogen: 


MU - 10 6 | 88.73 + 0.2(TCM 


•293)-+ O.llS(PAVG)} 


9/cm sec 


Tor Helium: 


^ = 10- (> {'196.14 ♦0.«4<TCM. 293) - 0.093(PAVG)} 


g/cm sec 


Tor Air: 


1 T 31 . 94 + 0.536(TCM - 293) ♦1.22(PAVS)) 


MU = n/ „ m 

— . 9/cm sec- 

^2 He air 
MW = 2.02, 4.00, 29 

RHOM = 0 . 1 202 ( MW) ( PAV6) /TCM 

= °- l2 °2( )( )/( 

or analytical Schmidt analysis 

WCS -- VCL(Nll) (3) (RHOM) = 3( 

~ 9 /sec 

For numerical Schmidt analysis (from 7.4) 

WIS - 9/ sec 


j 1 


i i .....j 


1 _ . j_. 


7 f Ml 




l 

\ ■; 

1 ; 


V *, 

I 7 


t 

t 


Ml 




I • ..wui - . * 


AC * (NTC)(OIC) ;J J- « ( )( )* 


cm ' 


G - 


wcs 

Ac 


g/soc cm*" 

.) , 


(OIC)G _ ( )( 

RL = - J — 


If RE < 2000, F *• 16/RE = 16/( ) = 

If RE ■» 2000, log F' = -1.34 - 0,20 log (RE) 


For analytical Schmidt analysis 


WPC . 


WPC 


WPC 


10 ■ ( DIC) ( RHOM) 
r . 11 li 


iiL, _ll__AL 


io'( )( 


watts 


For numerical Schmidt analysis 

2(F )(G )‘~ (EC) 2(_„ 


HELP 


10 7 IDIC)(RH0M) 


MPa 


)( 

10 7 ! H ) 


WPC - 


HE LP ( WCS ) 2 ( F CTC ) 


RHOM 


L 


) 


n ... 


1 


) _ 


watts 


8.3.2 Annular Gap Cooler 

Find MU, RHOM, and WCS In. 0.3.' 

AC = »(nCY)(6C) - H )( 


r wcs 
ll 1c 


cm 


q/cm" see 


w * 


I 1 


i ' 


RE , 2M1A . 2 ( n L— 

If RE < 2000, F ...» 24/RE = 24/ ( ) « _ 

If RE > 2000, log F = -1.34 - 0.20 log(RE) 


. 2F(G) 2 (LCHT)(VCLHNU1 


1 0 / ( GC ) (RHOM) 


WPC = 


watts 


8.3.3 Nested Cone Isothermal izer 

Find MU, RHOM, and WCS in 8.3.1 

BET ■ ta " _1 (jtott) ■ (* 

GTA = (sCL + fln (BET) 


sin- ( 


AC = S£L ( if) (GTA) (NC) = 1- ( 
V2 ft 


re * mm. . i 

MU 


p 

g/sec cm 



If. RE < 2000, F = 24/RE = 24/ ( ) = 

If RE > 2Q00, log F = -1.34 - 0.20 log (RE 



T .7 


fw r . (%') : 


* \ ( 


y-'H-Y 


WPC • ‘ULCAIJiyCLj(NU). 
10 7 (fiC)(RH0M) 




. JttriPt W l *4 


n j-( 

)( ) 


„1C 1. 


watts 


8.4 Fluid Friction Loss Summary 

Gas Heater. WPH « 

Regenerator, WPR. » 

Gas Cooler, UPC " 

Total, wr*~ " 


watts 


watts 


watts 


watts 


I ft": 


9. Mechanical Friction Loss 


based upon experimental measurement 


MFL » 0.2 BP.. = 0.2 ( 
10. Basic Heat Input 


watts 


BP. 

r'Yc:\ 


(' ' W ) (' ■) 


Reheat. Loss 


watts 


11.1 Constant Volume Assumption (Fguation 4-97) 

FCT ~ (usually 1 / Jt ) (From / . 4 ) 

WRS g/see ( from 8.1) 


FCT * 





t n -n h 


ti 4 . 'J * ■ ■ » ( . * 


.. j| . ' 


^ T 


1 T* 


i, «.V4MU 


11.3 Qvale Equation (Equation 4-105) 

Do not have the information to calculate this, 


12.. Shuttle Conduction. 


12.1 High Pressure Engine (Equation 4-110) 


KG = 

w/cm • K at TR = 

LT1 = 

CIt1 l @ NU = HZ 

LT2 = 

cm | 

(Lt a >H0) 

Kl = 

w/cm » K ] 

From Figure 4-22 

K2 = 

..... . ... | 
w/cm • K | 


K (From Table 4-9) 


HZ (From Table 4-11) 


, D . . KG / LTT , LT2 \ 

LB = 1 2 71 GR \ Kl— K2 J 


LB = 1 .+ g-ry 
LB = _____ 


(- 


/ 1 + LB- \ it (SD) . _ 

QSH ‘ (7T7Ii7 * 


THM - TCM) (DCY) 


1 + 


X 


" V + ( 

— j7j 8 i ■ n ) 

= 

watts 

Low Pressure, 

Thin Walled Engine (Equation 4-111) 

R01 = 

g/cm 3 displacer wall density 

R02 = 

g/.cm 3 cylinder wall density 

CPI = 

j/g . K displacer wall heat capacity 

CP2 = 

j/g « K cylinder wall heat capacity J 


X 


From 

Handbook.. 


201 


- f f t r 



4 \ 


' 


— — i 


2 ,r (NU) » 2n( 


w/cm . K at TR 


K (Table 4-9) 


(mixmi m + x mr&mm 



QSH = Y I 7 ) i I SDr(KG)(THM - TEMU nnH 

VI + (SGM)V 8 (grTTld) 


1 + (_ 


QSH = 


watts 


Static Heat Conduction 

13.1 Gas. Conduction Inside Displacer- or Hot Cap 
DID = DCV - 2(GR) - 2(WT1) = ( ) . 2 ( 



AHT = | (DID) 2 . J ( 


" — w/cm • C from 12 

QC = J<i lA_HT)(THM - TCM l_ ( 

watts. 

13.2 Radiation Inside Displacer or Hot Cap 


0 <0.2 then FA = ^ 

If: 

0.2 < < 7 then FA = 0.50 + 0.20 1 n 

If: 

^ > 7 then FA =~L 

FE = tEH)(EC) = ( )( ) = 

rM 1 _ 1 

™ I + NRS " 1 + 

p 

AHT = ___ cm (from 13.1.) 

QR = ( FA) ( FE) (FN) (AHT) (5. 67 x 10~ 12 ) ((THM) 4 - (TCM) 4 ) 

-( )( )(..:■ )( )5.67 x 10' 12 

(< ) 4 - ( ) 4 ) 

= watts 

13.3 Displacer Cylinder Wall 

KM = w/cm K at TR = K (Figure 4-22) 



= cm 4 * 

nr - KM(AHT)(THM - TCM) = j U IL ~ 1 

Ot— LD ( T 

= watts 


13.4 Displacer Gap 


KG = 


w/cm • C from 13.1 














iwwdwwiM wmatcmaa m 1 .M 


TA = TB - R2(QC) = ( 


> - ( k ) 

K Original TA estimate was 


w/cm • K at TB 
w/cm • K at TA 


Figure 4-22 




KMB = 
KMA = 


Now- go around again. 


' iW + KMB 
R2 = - ® 

kmb rm 


KMA + KMC 


OC = THM ~ JCM 
R1 + R2 + R3 


TB • THM - Rl(QC) = ( ) . { )( } 

K Previous estimate was _ 

TA = TB - R2(QC) = ( ).( )( ) 

" K Original TA estimate was 



K/watt 


K/watt 


K/watt 



KMB = 
KMA = 


Now go around again. 


w/crrt • K at TB 
w/cm ♦ K at TA 


Figure 4-22 


watts 


pi .. 1 

~ KMH + KMB-l- 


T 


t : \ • ! T I | [■ r 


r p 


1 T 


|»< f 


R,; ' khii^KiiV " t, ( ") '* i' 

*7 r 

k/watt 

w * kma%nc * t — — 

~y 5 — - 

K/watt 


4 


QC 


THM - TCM B 

rT V r2~ ~+ rT r 




watts 


TB •• THM - Rl(QC) - ( 


) - ( k > 

■ K Previous estimate was 

TA * TB - R2(QC) = ( ... ) - ( )( ... ) 

» K Original JTA. estimate was 


Does, the difference significantly change the thermal conductivities? 

[J Yes Then go around again 

LI Accept . last QC as accurate 

13.P Regenerator Walls - 

One regenerator wal 1 will be calculated and then multiplied 
NR. Using the numbers from 2.4 




T 


Then R1 - 


KMTTW " r 


} M ) — 


K/watt 


Lot ©''■ aiitp^v^ta b r * At y v v ) n 


Then R2-~ • m f V ’{ A ' ‘ y 

Lot AhTA^^itc * r " 4 fvT.: A -y 

Then R3 - k ^\9kMc " ) K ~ 


K/watt 


K/watt. 


. I Wil 


n - - TCM 

w “ R1 + liTfW s (' 




TB = THM - R1(Q}- - { )-( )( ) 

— K Original estimate was 

TA = TB - R2(Q) --( ) - ( . )( ) 


TA = 

Now: 

KMB = 
KMA = 


K Original 

w/cm • K at TB 

w/cm • K'at TA 


estimate was 


Figure 4-22 


K 

K 


Now go around again-; 


Rl. = 


& 


L 


KMH +- KMB " Z ) + ( 


X 


09 - _ ( ) 

KMB + KMA ‘ X ) + ( 


T 


DO _ © ( 

KMA T KMC " r 


X 


n - THM - TCM ( 

W ‘ RV + R2 + R3 “ r ) + ( 


m — T 
1 


T^r 


1 


T 


TB = THM - R1(Q) - ( . ) - ( . )( )__ 

a K Previous estimate was 

TA - TB - R2(Q) = ( )( ) 

= K Previous estimate was 


K/watt 

K/watt 

K/watt 


K 

K 


Does the difference significantly change the thermal conductivities 
Yes ZJ then go around again 

No O then 90 on 


) ( ) = 


watts 


watts 


QC = Q( NR) = ( 


watts 


Koijotunwtitr Matrix (\vo\w 

A.r'.l Soivon StnuK v l t ion 4 l.'O) 


K (Mo. 4 
K (MMo 4-o) 


KM w.-'cm ♦ K ut 1R- 

KG _ _ w Vm • k .it 1 !\ 



w,Vm • K 

'\ ' ) ' v 
11 • -j (PRV 4 ( V vm’ 

^NtOKM\(AHTl (HIM..- TCM) ( H . H. . v K 
" u * * l.R - t v 


1.1. 


wot t s 


Slots. Mill tipi 1 ' Annul ii (Uu.it ion 4-l,'0.tl 
KM. KG soo .H_A. 1 (numtvrs from 


kh(hr) < mmy (. 

KNX HR ♦ Hit 

' _ __ w.Vm • K 



om* 


til' 


) 


KMX (AMI ) (1HM - H'M) ( 



•tout ***** <ww».*4 ' ^.*Uiv4*a.-k -i'’-,-* * h "» *■* ,J 


. .* ’ 


13. a Summary of Static Heat Conduction 


Section 



13.1 

Gas Cond. Inside Displ. 

QC " „ 

13.2 

Radiation. Inside Displ . 

QR - _ 

13.3 

Displ. Wall 

QC = 

13.4 

Displacer Gap 

QC = _ 

13.5 

Cylinder Wall 

QC = _ 

13.6 

Regenerator Wall 

QC ■ _ 

13.7 

Regenerator Matrix 

QC = _ 



1 


i 


I 


V 

V 


t: 


Total QS- = 


14. -Pumping Loss (Equation 4-126) 

PMAX * _ MPa ^ rom 6 

PMIN = MPa from 6 

2.02 for H„ 

L 

4.00 -for He 
29 for air 


R _ 8-314 _ j / q • K MW = 

MW " 


I 


ri It DCY 
I KG 


(normal iy 1 except when gas temp. < 70 K) 

\ 0 - 6 '2(LD)(THM - TCM) /( PMAX - PMtN) NU(CP)iV ‘ 6 
) tHt TH — _\ (THM - TcmTRm J 


GR 


, 2.6 


/ 


n 


QPU 


s 


2 


r f 




lompeiM tur«» Swing Loss 


h:r - 


(CyiMtion 4-12LI) 


see ]] 
g/cm** i 


M * k | tro " St ^iUrd References 

Fo1 ' s '-' l ' ee " Heusnei-ators: 

* ” NR 4* <0l») 2 aR)(FF)(R0M) 


) r ( 


J~( )( 


For slot Regenerators: 
m * aR)(THF)(AF)/ 8 R , ( )( 


)■“ Is* 

1 P 

V t :■ 

i U 


beltmx . fflsmoxFcnfTHM - TCM) 
NlRMMxTttpM) — 


9TS = ^ FCT ) (WHS } ( cv) ( DELTMX V /2 
= ( H )( w 


watts 


Sterna] Tempera 


ature Swi 



For Screens: 

LMX - THW/2 - ( )/2 s 

F3 0.25 
For Slots: 
t-M.X = TMF/C - ( .. 

« * 0,3; 


w/cm. K from Fiji, re-4-;-' 


17. Performance Summary 

Net Power, watts 1st Iteration 


BP = basic power = 
(from 7) 

WP = windage power = 
(from 8.4) 

MFL = mechanical 

friction loss = 
(from 9) 


NP = BP - WP - MFL = 
= net power 


Net Heat Input (watts) 1st 

(Equation 4-132) 

BHI = basic heat input = 











( 


l'-'t 1 (i'im Mon 


TM - TMM 


t Wfisi rSoToVpl 


P‘(NTTIH) - 1) 


- ' 2T 


) - f 


V-v 1) 


-'Hi Iteration 


TH ~ TMM - - 


^*'d Iteration 

TH > Thm - J&H , 
0 ' ( 


“ Annular Gap Type Heifer /c 

H L '' Ul 4-l.W)( fran j , 

KG = , , 

/cm * K - Table 4-9 at THM - 


« = if$$L . j fl A . 


AIIT nCY(,)(iHHT)- = 


.... . w/cm*"* ^ 


ntuh- - 


OWWlfSliTT) ' \ -» - J( 


1st Iteration 


TH THM - — _ VM . QGH 

•-T • 0 ) (Whs ) { CV) ( onp(mTuh) ' v i ) 





19.3 Isothermal izer Cone Type Heater (Equation 4-137) 

KG = w/cm • K — from Table 4-9 at THM K 

GTA = _ cm -- from 8.2.3 

AHT = ti(NC)(DC 1)>/(5|I) 2 + (LCl")^" 



TH ~a K 
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2nd. Iteration 


TH THM - 9§H = ( 

0 - 


3rd Iteration 

TH = THM - 3 ( 

©- 


> • H~1 
, 4— j 


Gas Cooler 

20.1 Correction of effective cold metal temperature due to temperature 
rise in cooling water. 

vr - QGC „ ( ) 

M ~ FCIJ (4 .T8G8 ) " T 70868 


K 


TCM = TCWI + AT/ 2 



20.2 Tubular Type 

RE = from 8.3.1 

From Figure 4-19: 



G = 
WCS - 
C V = 
CP-s. 


g/sec cm 2 — from 8.3.1 
g/sec -- from 8.3,1 


j/9*K 
J/g -K 


From Table 4-8 


for- TCM 


K 


PR = 


from Table 4-9 




(PR ) 1 ( ) J 


AHT = ( NTC) (it) ( DIC ) ( LCHT) = ( ).*( )( ) 



0 = 


= K 

2nd Iteration 

TC = TCM + = ( 

0 

= K 

3rd Iteration 

TC = TCM + = ( ) + 

© 

20.3 Annular Gap Type Cooler (Equation 4-136) 

KG = w/cm* K from Table 4-9 at TCM = 



) = 




AHT = (DCY)tt(LCHT) = tt( ._)( 



f f I 




Calculate NTUC and TC In 20.1 

;, °* 4 IS0 ; ; ' en,la11zer Coi1e Type Cooler (Equation 4-138) 

— w/cm *K -- from Table 4-9 at TCM = 


GTA « 


cni from 8.3.3 


r rom 2.3.3: 


AHT.= WNCJtDClJV^) 2 + (LC1) 2 

” ( >< > - ( 


1st Iteration 

rc = TCM VmisHTL = < 

\ GTA ) 


2nd Iteration 




C 



TC ■ TCM ♦ g£ . ( ) + | J. 


3rd Iteration 

TC = TCM f = ( )t | J. 


21. Conclusii 


Final Net Power = 


watts 


.MM 




■f.l I I 


: • 

i ”'i' 

i T 

i fe. 

‘ V ' ; 

■ -v ..! 

t j 

i - 1 . i 

I i : 


I 0 

i >: 

V** 


ii 


Wi 
■>-, ! 


A 



TT 


"in 


. watts 
watts 


— overlapping Str 
dUmeter of -"9ine cylinder 7.0,0 

! P D ’ stroke of d(sp,ac - cm 


Cm . 


cm 


- a ’ 

stroke of power pist0 „ 3 m 
D0R a diameter of disol* 

2 - °“- **>«. -d H eat Exchange! " ' 

2 -’ Volumes and Heat Exchange! ^ Wa " TI,fCl< " eSses 

VHDX 1 extra hot «tad Temperature 

12,389 cm 3 htln the gas heater 


i " r I 

2 ' Kl Tubu,a '- Gas Heater 


heater tunes per power u „, t 40 

,e " 9th ° f b -ter tuhe 


«?19 


i i --i 


wu j 


'"'a’ ,n <Hca ted Power = 

Ff "al Net Heat I„p llLi ..„ 

°fake Efficiency =. 

'odfcated -EfffciencyT^ 

J* 1 Section 7.1 a d ' 

and heat losses ^ P0Wer °«tput and hL !°- S ’ a1] convenient 5 " md P n e and 
and a net The end result f™ neat input as well a ; n f u y ' specified, to 

those parts thal ency ; 1,1 “ section ' C ?!5’“ ted heat W* T er 'o»e. 

Of the GPU-% l at . need to be filled } hls form is excerE !" d power output 

’• Type °t Piston Arrangement " » d . rto-) , c 

12 DC V ^ : 01 5 P 1 ace r - p 1 s ‘on Overlapping Strokes 

UUJ * p diampto^ . 


f fj f r 





DIH « inside diameter of heater tubes JU21. cin * 

DOH = outside diameter of heater tubes — — Cl ”' 

2.2 Volumes at Regenerator Temperature 


2.2.1 Screen Regenerators 

LR = length of regenerator 2,261 cm. 

NR = number of regenerators/unit 8 

OR. * diameter of. each regenerator 2.261 cm. 

NS = number of screen layers 308 

MSH = mesh size 83.9 wires/ cm. 

THW - thickness of wire in screens 8 • 88 ^] cm. 

FF = filler factor, fraction of regenerator volume 

filled with wires 8,388 „• — — 

Screen mater ial Stainless- Steel^ • 

2.2.3 Displacer or Hot Cap Gap Volume 

LD = length of displacer 4.359 _ cm. 

DCY = diameter of cyl inder around displacer ]_ • 8 ^ 8 cm. 

GR = gap between displacer and cylinder wall 8 - , 8 ^ cm. 

Displacer wall material- . Stainless Steel . 

Cylinder wall material Stainl ess Steel __ . 

WT1 = wall thickness of displacer, 0,178 _ cm. 

WT2 = wall- thickness of cylinder wall 0, ^° 6 cm. 

EH = emissivity of hot inside of displacer or cylinder wall 

0.6 

• 

EC s emissivity of cold inside of displacer or cylinder 
wall 0*5 


i 


K 

l 


< i 


,i ■ i 


1 

I 

; 


F F 


I 


! 


i i 

i 


-ir-. 


« T-t 


m . number of radiation .Mold, inside the dlspUcer 

or hot. cap i_— • 

. ,:., hlllM |ers at Ileal Sink Temperature 

2 3 Volumes and Heat UUian.i . 

5J82 cm 3 , [| (0.235) 2 (0.625) + O.OUj 8U.54) 

2.3.1 Tubular Gas Cooler 

NTC . number of cooler tubes per power unit 

L C - total l.enoth of each cooler 

- tCHT - cooled l S! 9th of each cooler U 

• diameter of cooler tubes __i 

D 1C = inside diamete 0>15Z cm . 

DOC = outside diameter of cooler tu es 

2.4 Regenerator Wall Dimensions (se e F^gure^-M) ^ 

AHTH = heat conduction area at hot en _ ^ 

a. i .„o r 1.425 cm. 

AHTB = beat conduction area a e - 2 

, i fi 0.853 cm . 

AHTft -z heat conduction area at level — 

AHTC * heat conduction area at cold end _Ld£i 

LHB = hot length regenerator wall - 

x lia n 1.194 cm. 

LBA - middle length regenerator wall 

,. a ii 0.051 cm. 

LAC = cold length regenerator wall 

C 4- -» 4 ill 


cm 2 . 


, Stainless Steel 

Regenerator wall material — 


Temp K 


THM c 

978 


KMH = 

TB = 

800 

_ ( est 

KMB = 

TA = 

350 

__ (est .) 

KMA « 


oqA 


KMC = 

TCM ■ 

(- j r 




Thermal Conductivity 
0.25 w/cm*K~ 
0.225 
0.16 
0.16 




svr 






’'’S.T »» «.i 

eat conduction area at hot end 15.915 

HTB * hSat conduc ' t ‘>on area at level B 10.726 

AHTA = heat conduction area at level A_ 9.469 

AHTC " he3t conduc ti on area at cold end 15.915 
hot length regenerator wall 2.858 cm 
middle length regenerator wall 1-016 
cold length regenerator wall 1-245 cm 
Cylinder wall material Stainless Steel 

Level Temp k IT ' 

THH = 978 maJ Conduc ‘’'''fty 

KMH * °- 25 w/cm.K 

™ (est) 

TA * — 350 (est) 

TCM = 294 


3. Drives 


KMB = 0. 225 
KMA = -0. 16 
KMC = 0.15 


N -Number of power units/engfne 1 

3.3 Beta-Rhombic Drive ~~ “ * 

LCR • connecting rod length 4 . 60 ? cm. 
crank radius 1,397 ; m . 

ECC -rank eccentricity (see Figure 3-30, ?. 0£ 
’• Gtve " Operating Conditions .... 

TC . effective temperature in cold, compression spec, 


K * C + 273.1 . 

K 8 ( F + 460)/! .8 


Make initial 
estimate 


TH - effective temperature in hot. expansion snare 



FCW " cooling water flow _379 g/sec. 

TCWI = Temperature of cooling water into engine 294,4 K. 

NU = engine frequency 2 5 Hz . 

( Hz - RPM/60) 

PMAX - maximum engine pressure Not Spec, MPa. 

MPa -- 0.006894 (psia) 

* 0.1013 (atm) 

PAV6 = time averaged mean pressure 2.068 MPa. 

THM = heat source metal temperature K. 

TCM - heat sink metal temperature ^95 k. 

Working Gas . Hydrogen 

5. Computation of Engine Volumes 
5-1 Live Volumes 

Note: Live volumes for crank and rhombic drives need 

not he defined. 

5.2 Dead Volumes 

3 

VHD = hot dead volume, cm 
for tubular gas heater 
= VHDX + ~ (DIH) 2 ( LH) (NTH) 

8 Jl:. 389 ..+ l ( 0.302 ) 2 ( 24.229) ..( 40 ) = 81,811 Ct f 

VRD = regenerator dead volume, ern^ 
for screen regenerators, short calculation 
VRD = Nr(~)(DR) 2 (LR)(1 - FF) 

s ( « ) £ ( 2.261 ) 2 ( 2.261 ) (1 - .286 | ^ 51,854 


■ f 1 T 



VCD " cold dead volume 
for tubular gas coolers 
VCD = VCDX + J{DIC) 2 (LC).(NTC) 


= 5.782 + l (0.102 ) 2 ( 4.470) ( 312 ) « 17.17_£ i cnf 


6. General Intermediate Parameters 


TR = (THM - TCM)/ln(THM/TCM) 

= ( 978 - 295 )/ln( 978 / 295 ) = 570 K 

7.4 Rhombic Drive Philips Engine (See Figure 4-15 and 4-16) 

A = V(LCR) 2 ^EcT^Rci 2 ” 

77 V2 TZ I i 3 * 4.553 cm 

B = V (LCR) 2 - (ECC + RC)^ 

= \|( 4.602 )' d - ( 2.065 + 1.397 ) 2 ' = 3 - 034 c m 

For a Check: 

VCL - (A - B)^((DCY) 2 - (DDR) 2 ) 

- ( 4.553 - 3.034 )J-(( 7.010 ) 2 “ (°- 953 ) 2 ) = 1 1 5 .;jjcm 3 . 

VCLX = ^(DCY) 2 - (DDR) 2 ) {a - >/( LCR? - ^ECC - RC cos (PHI)) 2 } 


75.762 


4.553 -\| 21 


.178 - ^ JL 


065 - 1.395 cos(PHlV 


VC = VCD + VCLX = VCLX + 17.178 


,C = 17.178 + 75.762 1 4.553 -v/21.178 - ( 2.065 - 1.395 cos(PHI) 
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I 


1 ; ' r r 

| 1 i 




VC is calculated for PHI 0,.-30, 60, 360 c 

(St'o next page) 


D1 


LCR + RC) - (ICC)' 


= \l (‘1'60: + 1.307 )*■ - (2.065 ) 2 = 5.63? cm. 


C * \ ( LCR - RC)“ - (ECC) 


2 .' 


1.307 ) *■’ . ( 2.0(55 )*-’ = 2.451 


cm 


= \/( 4 . (502 
VHL = (D1 - C) ~ (DCY) 2 

= ( 5.632 - 2.451 ) ~ (7.010 ) 2 * 12?,734 cm 3 . 


.2 1 


VH = VHLX + VHD = ^DCY) 4 \\/(LCR) L - ECC. - (RC)cos(PHl7 

) ' ) 
+ RC sin (PHI) - C| + VHD 

VH = /p( 7.010)*“ |\/( 4 . 502 ) c - ^2.065 ^ 1 .367^ os (p^j 2 

+ ] - 397 s in (PH I) - 2.451 l + 81.81 1 


VH a 38.505 _y [_ 21.173 - ( 2.065 - 1.307 cos (PH I)) 2 + 1.307 sin(PHI) 
- 2.451 j + 81,81 1 

VH is .calculated for PHI = 0 •* 360 (See next page) 

VT = VH + VC + VRD = VH + VC + 51 .854 

VT is calculated for PHI = 0 + 360 (See next, page) 


P “ PiU W l VT = VH 7TTT54 7 VT 

TH TR TC "T7TT- + + “300“ 


P is calculated for PHI ' = 0 to 360 (See next page) 





































































































• f. 


^ >' * v| , . 


I I 


am m 


PHI * 360 

£ 

PHI = 30 


P / 12 


PM = .2.436 


(see previous page) 


Note; Do Not Add In Pat PUT B n 

H(R >'Tr= oS = 

Pc = P ( E pr) s P (0.8490 

PC is calculated for PHI- 0, 30. 360 on previous page. 

PC is integrated verses VT using the trapezoidal rule, ie, 

DELW = — ' l ~ PC 2 (VT2 - VT1) 

For the first increment the subscript 1 stands for PHI~= 0° 
and the subscript -2 stands for PHI .= 30°. For the second 
increment the subscript L stands for PHI = 30° and the 

subscript 2 stands for PHI - 60°. DELW is sumed for all 
12 increments. 


BP = NU ( 1 .045) 


= H .(1.045) 94.218 

The mass flow rates ere now computed 


watts. 


pu _ P(VH) _ P(VH) 
mTrTTW ' '(0.8490 ; 


h M r: i y ¥ ii/ 

MrRTCTH)' ' 10.8490 )( 970 ^ M(R) = 0.8490 J/K 

m = JKD - 0.8499 
B.SK" 8.314 

M = 0. 1 021 - q mol 

FH is calculated for PHI = 30 to 360 ^ 0 c„Hc „ 

9raphed on Figure 7 - 1 . (results on previous page) and is 

FHMAX = _Q, 560 FHMIN = 0.155 
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.1 t n-nyr 


MX 
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1 

T f 1 
* 1 

!;- , 

■ ! - , / 1 • i 

i , 

ri'J • 
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1 
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i ! 

i 

,#j 

i 


t J 

! ^ 


j 

i ;i 

i 1 

! il 

■ * 


s * 

t 

< 

> 


rcn 


0.325 


FXT2 - 0. 31215 


FfTJi “ rm + FCT 2 _ 0. 325 + 0.325 

. 2-. ~ s l,, ° 

WHS :■ If r 1^1 JN ) Mj[ hiw)_ 

(0.560 - 0.155 )( 0.1021 )( ? n? ) 

m^ri/TTp 

PC _ P(VC) _ P ( VC ) 

" RflOTTct “ XOwytMoo ) 


6.425 


g/sec 


on F1gure C 7-i! ed f ° P PHI * 30 t0 360 ° (see P revioi,s table) and is graphed 
FCMAX = 0-695 FCMIN - 0.175 


FCT 3 = 0.303 


FCT 4 = 0.325 


FCTC - FCT3 + F CT4 0.303 + 0.325 

hUL 2 88 — — o— - ~ = 0.314 


WCS - .(FCMAX - F CNIN)N(M W) 
FCTC/ NO 


= (0-095 


_ - 0.175 )( Q. 1 Q 21 )( 2 0 °) 

non- v(” & T M , l< u * jussl 


g/sec 


For regenerator' 


FCT = - F -£ItLiJiCTC _ 0.325 + 0.314 _ , 

2 2 ~~ = -0. 320 


WRS - t WCS _ 6.425 - j- 8.538 

2 * ? = h. 


482 g/sec 


< l 


* i 

4 t i 


I s 

I v- 


' 'O 

• * T 1 


1 1 1 ' i L_L L 1, 



Fluid Friction loss 
8.1 Regenerator Windage 

8.1.1 Screens -- VHL = 122.784 


for hydrogen: 


cm"* (from 5.1 or 7.4) 


°K (from 6) 


2.068 MPa., (from 4) 


MU = 88.73 X 10‘ 6 + 0.2 x 10’ 6 (TR - 293) + 0.118 x 10~ 6 (PAVG) 


144.4 x 10 g/ cm sec 


RHOM = mean gas. density 


MW = V2.0 V 4.00 


MW v PAVG ¥ 273 s 
22 ,414 0.1013 TR 


0.1202 


. 0.1202(2.02 )i 

( 570 ) 


2.068' 


For numerical Schmidt analysis (from. 7.4) 


WRS = 7.482 


g/sec 


nr VRD _ 51.854 
At = "LR" “ 2. 261 


22.93 


r _ WRS 

U *“ a r 


AC “ 22.93- 


8.81 x 10’ 


= 0.3262 g/sec cm* 


AHT = 


(MSH)(THW)(DR) 2 (NR)(NS) 


2 

s i|L( 83.9 )( .0041 )( 2.261) 2 ( 8 )( 308 ) 


21382 


230 


I 


i n ) ttttttttt 


7 F IHi 


A. Vi •' J i 


lAl t *«■* 


RH B AC{l.R)/(Alir)« — n — ~ ■ — B 2.4R5 x 10 


RE 


4 ( RH ) G a 4(2.425 x 1 0~ 3 ) ( 0. 3 262 ) a 


MU 


(1.44 x 10" 4 -) 


21.97 


If RE < 60: / 

log F = 1.73 - 0.93 log (RE) 
3.035 


21.97 


If 60 < RE < 1000: 

log F = 0.714 - 0.365 ljag (RE) 


cm 


If RE > 1000: 

log F = 0.015 - 0.125 log (RE) 


DELP . y> 2(LR ? . 

2 (1 0 7 ) ( RH ) ( RHOM) 

DELP * l£ :- 03 . 5 .. K : , j262j (_ 2^ 26 ]_ j_ _ 0 . 01 72 MPa 

(2x1 0 7 ) (2.42x1 0 - 3 ) (381x10 ; 

For numerical Schmidt analysis 

WPR _ jffiP j .( WRSK2 HI m 
m K (RHOM) 

( 0.0172 . )( 7.482 )2( 0- 320 ) _ 93 watts 

(8.81 x 10‘ 4 ) 


— u. 


» atj 


8.2 Gas Heater Windage _ 

8 . 2.1 Tubular Heater 
for Hydrogen: 

HU ■ 10‘ 6 { 88.73 + 0.2(THM - 293) +.Q.11S (PAVG)l 

-i . 7 - 8 2.068 

,2.26 X 10 4 q/cm»spp 

© He a1r~ 

4.00 29 

RHOM = 0.1202 MW(PAVG)/(THM) 

' 0.1202C 2.02 )( 2. 068 )/ ( 978 — ) = 5.13 x in' 4 g/cm 3 

For numerical Schmidt. analysis (from 7.4) 

WHS = 6,425 g/sec 

AC ■ (NTH)(DIH .) 2 »/4 •■ ( 40 )( .302 ) 2 V 4 » ,2.87 Jm 2 

G ■ WHS/AC ■ ff ^ 5 j . . 2,239 o/ rm 2 . 

RE = ifiJWli = ^1^2,2391 . 299 , 

(2.26 x 10 " 4 ) 

If RE < 2000, F = 1 6/RE = 16 /( ) = 

>/ If RE > 2000, log. F = - 1.34 . o.20 log (RE) 

^ • 22 x 10 8 2991 

For numerical Schmidt analysis 


DELP_= 


■ / w y alii; 

TOZ(DIH) (RHOM) 

2 (9.22 x10 ~ 3 )( 2.2 39 )2( 24. 23 

10 7 ( 0.302 X5. 73x10" 4 ) . 


= 0.00145 MPa 
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11.77 watts 


upH _ DELP(Wlj S)2( rml 

WPH - RHOM 

- ( n.nni45 )(6,425 — j|I Q . 3 2 5 ..J. = 
(5.13 x 10’ 4 ) 

8.3 Gas Cooler Windage 

8.3.1 Tubular Cooler 


for Hydrogen: 

MU = 10“ 6 { 88.73 + 0.2(TCM - 293) +.0 J18(PAVG)} 

2.068 


295 


-5 

= 8.94 x 10 g/cm sec 

/^2\ He air 
MW =\2.02) 4.00, 29 

RHOM = 0 . 1 2 0 2 ( MW ) (PAVG)/TCM 

= 0.1202( 2.02 )( 2.068)/( 295 ) = 1_ . 70xl0 _± 9/c^ 

For numerical Schmidt analysis (from 7.4) 

WCS = 8:538 g/sec 

AC = (NTO(DIC) 2 £ = ( 312 )( 0.102 ) 2 .J ■ , 2,. _55 

G = Jjj| = = 3 . 348 g/sec cm 2 

nr - (DI.C)G „ (0.102 )( 3 348] = 3820 
MU (8.94x10 ; 


cm 


If RE < 2000, F.- 16/RE.- T6/( 
/ If RE > 2000, log F 

8.78x10 


J = 

1.34 - 0.20 Iog(RE) 
-3 3820 
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For numerical Schmidt analysis 

DELP = iCf ).( G -lfiL£.) = ?k.78 xl0 ~ 3 )( 3,348 ) 3 ( 4 j. 

10 7 (DIC)(RHOH) lO 7 ! - 1.102 )(1.70xloi 

= 5,075xl0" 4 M Pa 

upr - DELP(WCS)2(FCTC) 

" RHOM 

= ( 5 1 075x10" 4 )( 8. 538)21 0.314 ) 


(1.70 x TO -3 ) 

8.4 Fluid Friction Loss Summary 

Gas Heater, WPH = 12 watts 

Regenerator, WPR = .... 93 watts. 

Gas Cooler, WPC = 2 watts 

Total, UP = 107 watts' 

9. Mechanical Friction Loss 

MFL = tinnn Qvnnrir 


based upon experimental measurement 


MFL = 0.2 BP = 0.2 ( 2461 ) = 

10. Basic Heat Input 


watts 


BHI = 


Reheat Loss 


- c. t 

r) ' (1- 


watts 


11.1 Constaht Volume Assumption (Equation 4-97) 
FCT 0.32 (usually 1/3) (from 7.4) 

URS = T.482 g/ sec ( f rom 3 . 1 ) 
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CV = 

10.42 

for TR = 570 

CP = 

14.55 

for TR = 570 

AHT = 

21382 

__ crn^ (from 8.1 ) 

G = . 

0.3262 

__ g/cm 2 sec (from 8.1) 

PR = . 

0.753 

for TR = 570 _ 

RE = , 

21.97 

__ (from 8. 1 ) 


K (see Table 4-8) 
K (see Table 4-8) 


109 \gTcpT k 

I ( H ' 

10 9yiorwTi 

H = 1-190 


H (pR jTL _o. 13 - 0.412 Tog (RE) 


( 0.753 Yj = -0.13 - 0.412 log ( 21.97) 
w/ cm^ K 


H(AHT) = ( 1-190 )( 21382 ) 
"( WRS) (CV) (7>482 )( 10.42 ), 


326.4 


NTUV - 


QRH = ( FCT) ( WRS) ( C V) ( THM - TCM) ^jy V TT/ 

= ( 0.32 ) (7.482 )( 10.42 )( 978 - 295 ) 

= .... 103.76 watts. 

12. Shuttle Conduction 

12.1 High Pressure Engine (Equation 4-110) 

KG = 28.06 x 10' 4 w/cm K at TR = 570 — 


326.4 + 2 


K (From Table 4-9) 


LT1 = 
LT2 = 
K1 = 
K2 = 


0.152 
0.152 
0.19 
0.19 


cm @ f 
cm 

w/cm K 
w/cm K 


@ NU s ^ HZ (From Table 4-11) 

(LT a fNU) 


From Figure 4-23 



-J<i„ /LT1 . IJ2\ 
2 " GR [u + -kf) 


= i + 2 8. 06x10 


<zP* UuX 1 0 / n 1 r,9 n irn \ 

2^ (ft#- + £}§*-) 


0.129 


QSH « 


rr^) s 


= (r77T7^) i • ( ^^i ^06x,10^ 295 )(■ 

v + < 1-029 )7 8 To^f)TO5rr^^ 

* ££9, watts 

Static Heat Conduction. 

13.1 Gas. Conduction Inside Displacer or Hot Cap 
0ID= DCY - 2(GR) ■ 2(WT1) - 6 , 6 q 4 cm 

(Direct from engine dimensions) 


(7.010 


AHT (6.604 ) 2 * 34.25 


KG = 1M6X10 4 w/cm • C from 12 

QC = = 128.06x 10- 4 ) (34.^V q7o 


watts, 


13.2 Radiation Inside Displacer or Hot Cap 


DID _ 6.604 
LD “ T.'jby 


1.515 


0 < < °* 2 then FA = M 
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r. ^ i <■• <V.--- ;| | -Hi 


^ ^’ 2 K LD < ^ ^tien PA - 0.50 + 0.20 1 




FA •■ 0.583 


> 7 then FA = 1 


FE ■ (EH) (EC) -.( 0.6 « 0.5 ) = 


' TTU ■ 

AHT = 34.25 


cm 2 (from 13.1) 


QR = (EA)(FE) (FN) (AHT) (5.67 x 10' 12 ) ((THM ) 4 (TCM) 4 ) 

( 0 583 ) ( 0.3 )( 1/3 )( 34,25 )5.67 x 10 ' !2 
(( 978 ) 4 - ( 295 ) 4 j 


watts 


13.3 Displacer Cylinder Wall 


KM = — ML w/cm K at-TR_= 570 

-AHT = ~ ((DCY - 2GR) 2 . (DID) 2 ) . * (r~ 


(6.604 ) 


3.788 cm* 


_ K (Figure 4-22) 
6.96 

^r^y 


KM(AHTWTHM 

LD 


- 1-^ 1 = 10-19 )( 3,788 ) (978 

(47359 ) 

watts 


13,4 Displacer Gap 

KG. = 28.06 x 10 4 w/cm . c from 

AHT = *(OCY)(GR) = "(7.01 )( 0.025) . q, 55 , 
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V 


nr KG1AHTJ(THM - TCM) .. ( OM nI O" 4 ) (0.551 )( 978 

ut • - - Ll) " .. (4.359 ) 


0.24 


watts 


13.5 Cylinder Wall . .. 

Using the numbers in 2.5, 

Let: 

© , /jlhbL 4__'| . .ii^ssaj 

VA ' lAHTH + AHT8 ) r>hV915) + (10.72b) 

then : 


295 ) 


0.429 


R1 


JD. 


0.429 


KMH + KMB " ToT 25 )+ (0.225) 


0.903 


K/watt 


Let: 


_ 4(LBA) _ 4(1.016 ) 

W - AHTB + AHT'A (ib. 7267 M 9.1891 ” 


0.201 


Then: 

no _ (?) - ( 0.201 ) = 0.523 K/watt 

R2 “ KMB+TMA " (0.225 ) M 0.1 (v T k/ U 

Let: 

Os = . 4(LAC )- . 4( 1,245 ) = 0.195 

^ AhTA +ThIC. ( 9.469 ) + ■ ( 1 5 . oTsT 

Then: . ‘ 

R3 = * ( in ^ V + i^nri = K/watt 


QC 


THM - TCM 


( 978 ) - ( 295 ) 


“ El + R2 + W ' t 0 .903 7 ”+”( 0 :§23 ) + "( 67633 1 
* 332 watts 


TB - THM - R1 (QC) = (.978 ) - ( 0.903 )( 332 ) 

* 678 K Original TB estimate was 800 k 


38 


TA - m 


R2 ( Qt ') ( 67fi ) " ( 0,5;\O( 332 ) 

504 i' rt . . 

R Original TA estimate was 


3 iu) 


Now: 

KMB = 
KMA = 


0.21 


(X 18 


w/cm K at TB 
w/cm K at TA 


Figure 4-23 


Now go around again. 


R1 = - A H _ ( 0.429 ) 

KMH + KMB (0.25 )“ r TX2TT = — 0,933 K/watt 


R2 = 


3L 


( 0.201 ) 


KMB + KMA X 0.21 ) ”+ ( 0.18 J = °‘ 515 


R3 = rr 


-a. 


4), 10b ) 


Km + KMC ‘ Hus r+ToTFiTT = 


0.594 


K/watt 


K/watt 


0C = - IKM ~ TCM _ ( 0 70 \ ( ■>rtr . 

R1 + R2 + R3 " TcTT9(3^^^~+^(~oT 5^ r~0T594 T = - 334 W3tt! 

TB = THM - Rl(QC) - ( g 78 ) . ( 0 . 933 )( 334 ) 

“ §66 K Previous estimate was 678 


= TB - R2(QC) = ( 666 ) - ( 0.515 )( 334 ) 

= 494 ,, 

* N Previous estimate was 


K 


504 


Does the difference significantly change the thermal conductivities: 
Q les --- Then go around again 

S3 No Accept last QC as accurate QC 334 

13.6 Regenerator Walls 


One regenerator wall will' be calculated and then multiplied 
NR. . Using the numbers from 2.4 


t n-f 


r 




} , 1 

— — r — — 

> i 

■ — r - 

'"T 

1. 

i : 

! ! 

! i 

i 




' 


T T 


■ I'lMI.I 


4(LHB) 

4(1,016 .) 

AHTH + AHTB 

( 1.425 ) + ( 1 . 42 D 

CD . 

(.1,4261 

KMH + KRB 

I .25 1+ ( 072257 • 

4(LBA) 

4( 1.194 ) 

mrriHTK 

( 1.425 ) + ( 0.(153") 

CD . 

( 2.097 ) 

KMB + KMA . 

( .225 ) +_( .16 T 

4( LAC ) 

4(0.051 ) 

AHTA + AHTC 

(0.853 ) + (l . 425 Y 

SSL-. 

(0.090 ) 


3.002 K/watt 


.097 


5.446 K/watt 


0.090 


K/watt 


THM - TCM ( 978 ) - ( 295 ) 

4 “ R1 + R2 + R3 “ ( 3.002 ) + ( 5.446 ) + ( 0.289) 78 


watts. 


TB = THM - R1(Q) = ( .978 ) - ( . 3.002) ( 78 ) 

= 743 K Original estimate was §00 


TA = TB - R2(Q) = ( 743 ) - ( 5.446 ) ( 78 ) 


TA = 317 


K Original estimate was 


350 


Now: 


KMB = 0.21 


KMA = 0-155 


w/cm * K at TB 
w/cm * K at TA 


Figure 4-22 


Now go around again: 

m CD . ( 1.426 ) , 

R1 " KMH + .KMB ‘ I .25 ) + ( TTTT 

(D 

RZ " KMB-+--KMA TTTi ) '+ 1 .155 f 


3.100 


5.744 


(At * 


n THM - TCM • _ ( 978 ) - ( 295 ). 

Q ‘ R1 + R2 + R3 “ (3.100 ) + ( 5.744 T + ( 0.294 T 


K/watt 

K/watt 

K/watt 

74.75 


watts 


i ) . 

4 a * f*n£ M * TtfWW IMM ** — 1 W:\l^X;ini Lf.^.4 

TB * HIM - 111 (Q) ( ') /8 ) - ( 8. 100 X 74.75 ) 

= /At..— . K Previous estimate was _ /43 K 

TA - TB - R2(Q) ( 746 ) - ( 5.744 )( 74.75 ). 

8 3XZ. K ----- Previous estimate was 31_7 K 

Does the difference- significantly change the thermal conductivities? 

Yes. [^] then 9° «r°«nd again 

No OD then go . ..on 

QC = Q(NR) ?- (74.75 ) ( 8 ) * 598 watts 



13.7 Regenerator Matei x ( From 2 . 2 . 1 ) 

13.7.1 Screen Stack (Fquati on. 4-120) 


KM = 0.19 w/an » K at TR = 570 K (Fig. 4-22) 

KG = 28.06x1 0' 4 w/cm • K at TR = 570 K (Table 4-9) 



AHT = JJ- (DR) 2 ■= ( 2.261 ) 2 - 4.02 cm 2 


-.3. 


nr = (NR) KMX (AH T ) (TU M - TCM) _ {8 ]_(/!/) 6 x_10"' J (_ 4.02 J ( 978 

“ * l¥ •-* * r : 'i.i r “ 


;nu, 




watts 


r f 1 7 [ 


! 4 


13. 8 Summary of Static Heat Conduction 
Section 

13.1 Gas Cond. Inside' Displ . QC = 

13.2 Radiation Inside Displ. QR = 

13.3 Displ. Wall QC - 

13.4 Displacer Gap QC = 

13.5. Cylinder Wall QC = 

13.6 ’Regenerator Wall QC = 

13.7 Regenerator Matrix QC = 


watts 


14. Pumping Loss (Equation 4-126) 
PMAx - ...2.880 MPa from 6 

PMIN = 1.337 MPa from 6 


Total QS = 


dm - _J1 _ 8.314 „ llr 

RM " MW " LTD = - 4,1 lb j/g • K 

21 s 1 ( nni'ma 1 1 \ / 1 


for H 0 

MW = 4.00 for He 
29 for air 


QPU = 


QPU = 


(normally 1 except when gas temp. < 70 k) 

Tg“T' 6 /1w.x_^in)nii(cp)2\ 1 - 6 

> / 175^211— V TTHM - KMTRM ) 


v( 28x1 0-4) 


2( 4.359 ) ( 978 . 

295 

) 

1 . 5 ( 1 ) 



- 1.337 )( 

25 ) 

(14.55 )2\ 1,6 

( 978 - 295 

TPC 



(0.025 ) 2 * 6 


watts 


« 


i T 



' i \ h ^ 


, ■»•••■ »<■ ' 


. ^ .jarjtl ; 


Temperature Swing 

Loss (Equation 4-128) 

FCT = 

0.32 

see 1 1 

ROM = _ 

7.5 

g/cnV* 



1 from Standard 

CPM = _ 

1.05 

j/g * K 


For Screen Regenerators: 

MMX = NR £ (DR) 2 (LR) (FF) (ROM) 


i #H 


H y 

= ( 8 ) 4 ( 2.261 ) ( 2.26l)( 0.286 )( 7.5 ) 

= 155,78 g 

nr, tmv _ WRS(CV)(FCT)(THM - TCM) _ ( 7.482 ) ( 10. 42 )( 0.32 )l 

DELTMX — momtcm t ifr&rmrtt 

= 4.167 K 

QTS = (FCT)^RS )( CV)( DELTMX )/2 

* ( 0.32 )( 7.482 )( 10. 42) (4.167 )/2 
= 51.98 watts 

16. Internal Temperature Swing Loss 

KM = 0.19 w/cm » K from -Figure 4-22 

For Screens: ... 

LMX = THW/2 = (0.0041 )/2 = 0.00205 cm 

C3 = 0.25 


978 - 295 


qits = sismuRQM . . 


( 51.98 ) 

(0.25 ; 

>(. 7.5 J 

( 1.05 ) 

(0.00205 

(0.19 ) 

( 0.32 ) 



0.177 


watts 


Performance Summary 
Net Power, watts 

BP = basic power - 55 
(from 7) . 

Vjp = windage power * 55 
(from 8.4) 

MFL a mechanical 

friction loss 
(from 9) 

NP = BP - VIP - MFL = — 'ML 

= net power 


Net Heat Input (watts) 

(Equation 4-132) 

BHI = basic heat input 
(see 10) 

+QRH = reheat loss 

+QSH "• shuttle heat cond. 

(see It-) 

+ OS = staticheat cond. 

W (see 13.8) 

+QPU = pumping loss 
(see 14) 

+QTS = temp, swing loss 
(see 15) 

+QI tS = internal temp, 
swing loss 

(see 16) _ 

-VIPH = heater windage 
power 

(see 8.4) 

WPK - | ia if of regenerator = 

" 2 windage power 

(see 8.4) 


1st Iteration 

2461 


2n< 

2281 


107 


an? 


ON = net heat input 


f . i 


H 


i i 


f F f 


i ■> 


* i 


. i ■ ' - i 




i v^ikuMm immmmi&mmam 


m wm ?*m itfitffl 


2nd 

5102 


3379 


3rd 


18. H$at Exchanger Duty 

Gas Heater 
QGH = QN = 

Gas Cooler 
QGC = QN - NP = 

= ( 5237 ) - ( 1862 ) 

19. Gas Heater 


Not needed because in GPU-3 the effective gas temperature is 
assumed to_be measured with a thermocouple. TH = 978 K. 


1st It. 
5237 

3375 


* 

I 

’ii 

B . 


20. Gas Cooler — 

20.1 Correction of effective cold metal temperature due to temperature 
rise in cooling water. 

at - QGC _ ( 3375 ) 

" FCW(4. 1868) ~ (379 J4.1868 


2.13 


K 


TCM = TCWI + AT/ 2 

= 2 94.4 + = 


295.5 


20.2 'ubular Type 

RE = 3820 


from 8.3.1 


From Figure 4-19: 

rf-o- 


0.0031 


LCHT 

DID 


. _ 34 -I 

0.102 


3.348 g/sec cm 2 — from 8.3.1 


3 


WCS a 8.538 g/sec -- from 8.3.1 




cv = 

10.18 

_3/9'K | 


CP = . 

14.31 

_J/9* 

From 

PR = 

0.72 

from Table 4-9 


for TCM = 29 5 - 


h= OXC£1^1 

vT 


(PR)' 


n nml ) ( 14. 31 )lU 48_l = O.M± _ w/cm' 

2 

, n 3 
( 0.72 ) 


AHT * (NT.C) ( 


Tf)(DIC)(LCHT) = ( 312 >(0.102- )( 3.48 ) 


347.92 cm 


, . (0.1848) (34 7.92) 

NTUC" = 2 (fcTcT(WC^V 1 = !2(0.nTT(.8.538 TC T0-1 8 T 


1.178 


First Iteration 


QGC 


tc = tcm + 2(f 


( 3375 ), 


TG' * (295.5 ) + ^fn VldHft 538)( 10 .llDTexp( 1 - 178 



■■ f . ! ri h 




ll: 

££* 


v ' ' 


n 


"T" 


7—TT 


! 1 


" /' ; 


\\ .// 




An additional iteration was now made by programmable calculator. 



TH - 

978.00 

TC = 323.00 

M(R) = 


i phi 

1 

PC 

FH 

FC 


0 

2.653 

— 



j 30 

2.394 - 

0.561 

0.175 


<: i 60 

2.118 

0.585 

0.231 

t t 

1 90 

1.827 

0.453 

0.345 


y\ 120 

,vt 

1.562 

0.341 

0.486 

§ 

1 50 

1.388 . 

0.239 

0.607 


;! 180 

1.361 

0.176 

0.673 

‘if**; 

■I 210. 

. i 

1.530 

0.161 

0.670 

T 

j 240 

1 . 908 

0.195 

0.594 


; 270 

2.418 

0.276 

0.457 


300 

2.807 

0.384 

0.3C6 


330 

2.851 

0.477 . 

0.208 


360 

2.653 

0.537 

0.170 


12 


E 


DELW = 87.538 


1 


BP = 2287 
BHI = 3415 


FH and FC are plotted in Figure 7-1. The second iteration is seen to offset 

^pH e / U V 7 S t nd d i 0eS i not .f_ han 9 e the flow rates or times. BP and BHI are then 
used in 17 to calculate NP and QN as the second iteration. Then these are 

used to calculate QGH and QGC in 18. Finally, in 20 a new TC is calculated: 


2nd Iteration 

TC = TCM +.QGC = ( 295.5) + ( 

(Ti (i 


3379 


0 

323.03 


22.73 


21. Conclusion 


Third iteration not nec essa ry. 


Final N-'t Power = 

Final Inc. 'ated Power = 


1723 


2180 


watts 

watts 


Final Net Heat Input = 
Brake Efficiency = 
Indicated Efficiency = 


5102 


watts 


33.8 


42.7 


247 




ii 


: 1 4 


i 


* 


% 


V. - 


•K! f T )- : n T t -M u j 


j j 

i j 


I 


I } 


-I i 


T-T 


I 111 F 11 


**”"’*J _K>» ' ,, ^ 


Sj^REFERENGES 


from previous bibliographies parti cufarlv wflk h ? ve been acc umulated 

of Sweden, compiled by Karin Adler Thi^ ?f]5 e , r ^ Re f’ 73 ^ and United Stirling 
authors own files and pub! cation ‘and ?rom ^ iaV ? bee " 0bta1ned from the 
Papers and reports that relate direct? v in J? e , r eferen ? es listed in these 

following computer baJSS’ f , Sr! IS 9 hS?e ’ beon'slarc^Sf "* 
Compendex 1970 — (Engineering Index) 

ISMEC 1973 - ^formation service in Mechanical Engineering 
NTIS 1964 ~ 


NASA Literature Search No. 35884 


He 


each reference harbeer g lven n a Z ?etter y dnsi° f f“ b,ica ‘ ion - Within each year 
been indexed by personal Author See T,2 Ta „ Tfie refere "« list has 

the authorJf^ln^s leases ^ theses ^er^not^souqht h 1St haS ^ ? bta1ned b * 

are given in subsequent journal articles. 9bt because the main results 

the autho?s tS fne ln Th^a2thJr t f5 y i W H re /^ ferenced in P ubl 1 cations or were in 

allowed, his file of Stirling engine latentfto^e^M? 1 ? 1 ® 1 !! Wh ° graciousl >' 
search was made of the patent 1 i teraturp b ?. copied - No independent 
done by specialists at the patent office ° Ce thlS search would need to be 

would a ppreclate^ receiving ^^'0/^1^?,^ ^J 1 " 9 engine fences. 

The author has a copy of the oaDer on P f< ° nS tbat are not now included 
end of the reference. P * Per ° n flle lf an asterisk (*) appears at the 

this pubiication^iscusses the^ffpr 11 '^ by autbor and corporate author 

Th e r k ?’d aS ^ f ^r?(„g 

use. Design considerations and exDerimpnfai an gement of parts and intended 
number of categories. Table 8-5 qfves «£ a I»![ eSUltS k 1s also dl ‘ vi ‘ d ed into a 
classification from Table 8-4. rtew cUssifi^HZ T th J‘ re1ate t0 ««h 
* J 8 ™?*) ?f the publication if it were ava fahil n.u h • bee ; det <irm1red by 
was determined from the title or DossfblJ Jhl Z otherwise the classification 
index has been found. useful in preLn-n^th?! This Ossification 

the readers will find It useful? P 9 th publlcatlon * It is hoped that 


kl 
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Table 8-1 

Stirling Engine deferences 
Organized by Year of Publication 


1807 a Cayley, 6. , J 
(letter) . 


November 1807, pg. 206 


1816 a 


Stirling, R. ” Improvements for Diminishing the Consumption of Fuel 
and in Particular, an Engine Capable of Being Applied to the 

Ho 31)8?! ril6. ,n At°B3? B6j n BJ Ple E " t1re,y NeW ’“ ^'- Sh Patent 


1826 a Ericsson, J., British Patent No. 5398, 1826. 


1827 a .Stirling, R. , and Stirling, J. , "Air Engines," British Patent 
No. 5456, 1827. B3. * 


1833 a Ericsson, J., "Air Engines," British Patent No. 6409, 1833. 
B5. * 


1840 a Stirling, J., and Stirling, R., "Air Engines," British Patent 
No. 8652, 1840. B3. * : 


1845 a Poingdestre, W. W. , Proceedings ICE , 1845 
1845 b Stirling, R., Proceedings ICE, 1845. 


1850 a Herschel, J., "Making Ice," The Athenaeum, Jan. 5, 1850, p. 22. 
C3. 


1852 a Joule, J., "On the Air Engine," Phil. Trans. R. Soc., No. 142. 
pp. 65-77. D3. * 


249 


T -T 


rr 


‘1 


it , . . , , i 


1 T 




1853 


ft Combos, Par m nc llt , n 

Jtaud Du CaVitd1ne e Erkssoif^fn! latifs A La Machine A Air 
Air Machine of Captai" Ericssoi? T"' e ff s Re,atf ' ,e to the Hot 

18j3, A5, B3. BG, B8. * SSOn ' ^P Mbs.jtes Mirmc , Vol< 3) 


1853 " N>P “’ J ' R " a " d Ra " kine> W - SmilUUBt NO. , 4 , 6 . , 853 . 

’ 854 3 «- — of Air Enoinee, 

,8M b 7 , ^ -H. 

,861 a Schmi S 

P 9 . 79 ?,’ 86 P , 9 : 401 • ' 86 ’ ^ 

' 8M S VC. 172 , pg . 81 , 1864 . 

' 865 * VC. ,79. 345. ,865. 

1869 3 ^ elab l869^' * VC. ,94. p g . 257. 

1869 ' "Technische B,atter." ,. JahTganc^, Prague, , 869 . 
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9. DIRECTORY 


A relatively small number of individuals and organizations are now actively 
doing anything with Stirling engines. The author hopes that this manual will 
encourage other individuals and possibly companies to become active in Stirling 
engine development. To aid in this process, the following directory is offered. 
Organizations are listed by their company name and the name of the head is 
given. Individuals and groups associated with universities are listed by the 
name of the head individual. The organizations and individuals will now be 
listed in alphabetical order. 


Aerojet Liquid Rocket Company 
P.0. Box 13222 

Sacramento, California 95813 

Contacts: John Moise 

Larry Hoffman 

Aerojet has been working since 1967 on a small thermocompressor type 
Stirling engine to power an artificial heart. As the free displacer 
oscillates, check valves pump helium through the engine. It produces 
5 watts of pneumatic power at 18% overall efficiency. 

About 10 people are employed on the project. 


AGA Navigation Aids Limited 

77 High Street 

Brentford 

Middlesex TW8 OAB 

England 

Contacts: Mr. K. C. Sutton-Jones 

Mr. N. Spottiswoode 

This Company, a Subsidiary of Swedish AGA, concentrates on marine 
navigational aids, and has a large part of the World market. The 
Company is sponsoring development and application of the Harwell 
Thermo Mechanical Generator, and is contracted to install a 60- 
watt version of this generator in a major lighthouse on the Irish 
Coast. 


Amtech Incorporated 
141 California Street 
Newton, MA 02158 

Contact: Dr. Larry C. Hoagland, Director of Research 
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Amtech. Incorporated Continued 

Current work is under DOE Contract No. EC-77-C-05-5392, "Technology 
Evaluation of the Stirling Engine for Stationary Power Generation in 
the 500-2000 Horsepower Range". 


Energy Research and Generation, Inc. 

Lowell and 57th Streets 
Oakland, California 94608 

Contact: G. M. Benson, Director R, D & E 

ERG has been developing for over ten years resonant free-piston Stirling- 
type machines (Thermoscillators). including hydrostatic drives, linear 
alternators, heat pumps, cryogenic refrigerators and gas compressors. 

In addition, development has continued on a cruciform variable displacement 
crank- type Stirling engine having a Rinia arrangement. ERG is performing 
R & D on heat exchangers, heat pipes, isothermal izers , regenerators, gas 
springs, gas bearings, seals materials (including silicon nitride and 
silicon carbide), and computer modeling as well as on linear motors and 
alternators,, hydraulic drive components and external heat exchangers 
and heat sources (including combustors and solar collectors). ERG has 
built and tested several test engines and presently has separate electro- 
mechanical, hydraulic, engine and heat exchanger test cells. ERG sells 
heat exchangers, regenerators, linear motor/alternators, linear motoring 
dynamometer test stands, gas springs/bearings and dynamic seals. ERG 
plans to sell soon an oil-free isothermal compressor with linear motor 
drive and small Thermoscillators and laboratory demonstrations. The 
current status on ERG Stirling engines is given in references 77 a and u. 

Dr. Benson reports that 5 people are now working solely on corporately 
funded Stirling engine programs. 


Entwicklungsgruppe Stirling Motor M.A.N.-MWM 

M.A.N. Werk, Augsburg 

D8900 Augsburg 1 

Stadtbachstrasse 1 

West Germany 

Contact: Dr-Ing. F. A. Zacharias 

M.A.N.-MWM is a licensee of Philips and cooperate with Philips on some 
few projects. M.A.N.-MWM is following an independent course drawl ng^on 
their experience as makers of Diesel engines. The 1973 information front 
JPL who visited there in 1974 (75 t) indicates that they are using double- 
acting, crank-operated pistons in an in-line or in a Vee arrangement. The 
heater tubes are investment cast, some with fins. The tubes are arranged 
in a line instead of a ring as employed by United Stirling. They use a 
straight accordian folded counter-flow air preheater arranged ...in parallel 
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Entwichlungsgruppe Stirling Motor M.A.N.-MWM Continued 
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group. 


control by working^as compressor' th^haveTol “'J' 111 Pressure level 

of STt'S" du^LrXreS’^a 1 ,^^ 1 ^ Pa™ 

connecting the working%ace to buffer^aJp 11 a T u al ^ e is opened 

the time determines the Sower "vf *n, • . spac ?: The fract ion of 

efficiency under parties! InaH anri ^ Quick engine response, moderate 

expected from ttTJo^of JontreKMoTc, C °" St ™ Cti °" “•* are^ 
^renrt^5r?^^^^“S-a F r?^ Urt - ^ ■“» a ««** of a 

partial load efficiendes ar^ ejected re 9 u,ati "9 P°"trol ■ Seat 

At present about 40 people are employed-in the 

Fairchild Industries 
Germantown, Maryland 

Contact: A1 Schock 

important Jhlng Sas^n tha? s -vic-es. One 

program to analyze thfSealf ffle-Sis?L enn?L Ve ]? p !^ a 3rd order computer 
to Mil. Nothing has so far been pCbllsheS? 9 ' SUnP0Wer i$ fu ™ ishl ‘"9 

About 2 people are working on Stirling engines. 

FFV Industrial Products 
Sweden 

See: Stirling. Power Systems Corp. . 

MM ltwT n f. 9 Independent W of d Uiii 9 r °up who is 50% owner of 
Stirling technology /thl-Th^e buill , JZ r,U,9 ’* but ^"9 United 
set which operates very quietlv for rnm^fr cmiperfo nuance engine generator 
first t chnical V Senr^^r ^ 


FfV now employs 50 people on the Stirling engine project. 
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Ford Motor Company 
Powertrain Research Office- 
Dearborn, Michigan 
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Contact: Norman D. Postma 

Since 1971, the Ford Motor Company has been working with N.V, Philips 
Company of Holland evaluating Stirling engines for automobile propulsion. 

The promise. of this development is given in reference 73 h. The present 
status is presented in Section 3.1. Ford is a licensee of Philips. The 
program at both Dearborn and Eindhoven was designed, to put two Stirling 
engines into Ford Torino automobiles for evaluation of vehicle performance, 
economy, emissions, etc. Ford is now working on a $161 million cost sharing 
contract with DOE to go from 1 Oct 1977 to 30 Sept 1985. . The goal of 
this program is to determine whether or not the Stirling can be an attractive 
automobi le engine. 

Currently Ford has about 50 employees working directly on the first task 
of the DOE program which requires a high confidence assessment of the 
Stirling engine fuel economy potential. 


General Electric, Advanced Energy Programs 

Valley Forge Space Division 

Valley Forge, Pennsylvania 19481 

Contact: Mr. J. A. Bledsoe 

GE is developing a Stirling Radioisotope Power System (SIPS). North 
American Philips is doing the engine (76 j). Plutonium-238 oxide is 
the fuel' and 1000 w(e) is the power. 


Contact: Mr. L. Dutram 

Also on a separate program GE is continuing a development program started 
at Sunpower of a gas heated free piston, free-displacer Stirling engine 
operating a Freon compressor (77 w). They plan to build and test a 
three ton cooling capacity prototype by 1979. The project is sponsored 
by the American Gas Association, the Department of Energy and General 
Electric, 
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Forty people are working on Stirling engines at General Electric. 
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John I. Griffin 
Solar Engines- 

2937 West Indian School Road 
Phoenix, Arizona 85017 

Mr. Griffin is building and selling model Stirling engines. He has one 
on the market now and plans to market 6 more models over the next two 
years. Three thousand of the first model have already been sold as of 
31 Jan 1978. 
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Harwell Laboratory 
Instrumentation & Applied 
Physics Division 
AERE 
Ha rwe 1 1 

Oxfordshire 0X11 ORA 
England 

Contact: Mr. E. H. Cooke-Yarborough 

ir de r o f s i ,™ cl rk’ris c ? n ’ ? • me c ii a r 1 « 1 

^^^SeSSajSSaF" 

Development sponsored by.AGA Navigation Adds Limited ha* ,pc„it 0 H * + u 
up-rat, ,, s of this design to 60W. During^ 1MB wll nnsttll TtO^u 
the main power source -w a major lighthouse off the Irish Coast. 

A further development, which stemmed from the work on the TMG ic tho 

i^ps‘tS r zrUL?s d 4u!s^ofSs^ er 

adapting the Fluidyne to meet specific user requirement! 

The equivalent of two people are now working on Stirling engines at Harwell. 

Hughes Aircraft Company 
Centineia & Teale Streets 
Culver City, California 90230 


Con tacts : 


Dr. Bruno Leo 
Mr. Richard Doody 
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lliuihos Aircraft. Company Continued 

Hughes Aircraft Company lias boon developing Stirling type cryogenic 
refrigerators since 1960 and a family of those units have been developed 
tor ground, air and space applications. Currently, emphasis is being 
placed upon Stirling and Vuilleumier refrigerators including special 
modified versions o-f eaefu-to- meet the specific needs of various applications-, 

About 45— people are involved in Stirling type cryo cooler development. 

Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, California 91103 

Contact: Frank W. Hoehn 

The Jet Propulsion Laboratory is currently working on a program to develop 
a Stirling Laboratory Research Engine which can eventually be produced 
commercially and be made available to researchers in academic, industrial, 
and government laboratories. A first generation 10 Kw engine has been 
designed, fabricated, and assembled. The preprototype engine is classified 
as a horizontally-opposed, two-piston, single-acting machine with a dual 
crankshaft drive mechanism. The test engine, which is designed for maximum 
modularity, is coupled to a universal dynamometer. Individual component 
and engine performance data will be obtained in support of a wide range 
of analytical modeling activities. 

The laboratory is also sponsoring work on a 1 Kw, solar heated free-piston 
Stirling linear electric generator. 

JPL did the study (75 t) which influenced DOE to concentrate their efforts 
on the Stirling engine and the- Gas Turbine for future-automobile engines. 

Approximately 3-6 people support the Stirling engine-related activities 
at JPL. 


Laboratoriet for Energiteknik 
Danmarks Tekniske Hojskcle 
Bygning 403 • DK-2800 Lyngby 
Denmark 


Contact: Professor Bjorn Qva.le 

Professor Niels Elmo Anderson- 

Due to Professor Qvale's thes-is at MIT on Stirling engines and his subsequent 
interest in this field there have been a number of papers from this labora- 
tory on Stirling engines. A recent letter states that almost no work is 
now going on in this field. 
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Professor W. R. Martini 
Joint Center for Graduate Study 
100 Sprout Road 
Richland, Washington 99352 


Professor Martini heads a group varying from 1 to 5 working on various 
basic aspects of Stirling engines, He is the author of the Stirling 
engine design manual. He also sends out the Stirling Engine Research 
Institute Newsletter. He is interested In determining the usefulness 
of isothermalizers in Stirling engine designs and in building a heat 
operated heat pump using two Stirling cycles. He started the artificial 
heart power source program at McDonnell Douglas and continues an interest 
in this- .prog ram. 


Mechanical Technology Inc. 

968 Albany-Shaker Road 
Latham, New York 12110 

Contact: Bruce Geldwater 

In conjunction with Sunpower MTI is developing a Free-Piston Stirling Linear 
Alternator power conversion system. They are agressively expanding their 
own Stirling engine capability. They are working with United Stirling to 
demonstrate Stirling engines for automobiles as part of a major DOE funded 
study. 

MTI currently has 20 people working on Stirling engines. 


McDonnell Douglas Corp. 

Richland Energy Laboratory- 
100 Sprout Road 
Richland, Washington 99352 

Contact: R. P. Johnston — 

Since 1967 this group has been developing-miniature Stirling engines to 
power an artificial heart. The engine produces about 5 watts of hydraulic 
power from heat at about 18% efficiency. It employs a free displacer 
engine which applies pulsating gas pressure through a diaphragm to a 
freely oscillating oil pump. The engine is self starting and is controlled 
by a single valve adjustment. 

Presently 11 people are employed on this project. 
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NASA-Lewis 

21000 Brookpark Road 
Cleveland, Ohio 441 35 

Contact: R. G. Ragsdale, Manager 

Stirling Engine Project Office 

NASA-Lewis has been given the Reject yl^^durtn^the next 

to produce improved Stirling engine Propulsion y and are testing 

avail able KW* Stlrlln. engine 

performance. 


They have negotiated the f ate a' contracted ?h 'MTI/Uni ted* 
for development of Stirling a thina They have sponsored the 

Stirling/American Motors tor the sa, ‘ . a i j b ey have a contract 

production of thi s Stirling engine o/reclprocatlng seals. 

with Boeing and Unl vers ’’!'{ ials technology for both a metal and a ceramic 
They are doing work on materials tec jj* wUh nlinois institute or 

Stirling engine.. They have g hydrogen permeability in metals 

Technology Research Institute to measi ure^ y.^y ^ establishing a balanced, 

and ceramics. Near-‘enn future e ngine development, advanced system 

a " d teChn0l09y ' 

Currently the equivalent of 20 people are working on Stirling engines at 
NASA-Lewis. 


iechanical Systems Section . 
lui 1 ding Environment Division 
jen ter for Building Technology 
National Bureau of Standards 
Washington D.C. 2023.4 .., 

Contact: Dr. Davixl_A. Didion 

The initial work at MBS focused on ^ Uborat: 

1-98 engine driving a Rankine cy system was tested as a function 

heat to supplement its own capac ty^ Th^ c J olant __ t e Wera ture, and manv 
of outdoor temperature, engi rpference 77 a d. A subsequent analytical 
of the results are presented in rete ^ n ^ f rietv of total energy 

study was conducted on. tl l? d P bv Stirling engines. This work will hopefully 
configurations when powered by Stir 9 9 curr entlv Involved in 

developin^a Us? for engine-driven heat pumps . 

which will include Stirling engines. 

One-person is currently working on this project. 
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Dr. Allan d.. Oman 

Department of Mechanical Engineering 
Uni vers i ty-of London King's College 
Strand London, England 

WC2R ?I.S , 

Dr. Organ is a regular contributor since; 1970 S. 5 ^’" 8 

enqines. The recent ones h f^ e . e ®' ...A concerned with the mechanical part 
talked with him state that he_is a much "5%^ ^ ^ He has 
of the engine as he is with the heat e Council for an experimental 

a grant from the United Kingdom Science Res^^i Qctober 1978 a course- 
program. His department ) nte subiect credit) in the thermodynamics 

unit option (one This course will be for 

and computer modeling of- Stirling eye ie 
final year engineering students. 


N. V. Philips 

Eindhoven 

Netherlands 


dr.ir. C. L. Spigt is in charge of the Eindhoven Stirling engine work 
about 100 people. 

Dr. R. 0. Mel jer 

Z H Arhorrchig a an e 48104 Science advisors to Ford 

Hnn ’ Motor Company on Stirling 

engines. 


Dr. A. P. J. Michels engines. 

1828 Mershon _ 

Ann Arbor, Michigan 48104 ..) 

The Philips Company was the first *> w ^|°SSd“rni zed. ^Phi 1 i ps”* h^been 
would be a useful prime mover if it Almost all the companies 

publishing on Stirling engines since 194.. tQ philips. These 

?:; c fu°dfS5ited S«?li'ng, FFV, M. A.N.-MWM, and The Ford Motor Company. 
Philips has developed T^v^ave'perfectef the' oil ^backed roll sock 

their machines. They '’^t,re' U B esides deve oping engines that eff 
engine in size and power ,^1 thev. have demonstrated machines that use 
efficiently energy. Their Stirling engine cryogenic 

refrigerators are a commercial success. 
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Philips Laboratories, a division of 
North American Philips Corporation 
345 Scarborough Road 
Bri arcl iff Manor, New York 10510 

Contact: Alexander. Daniels 

Philips Laboratories have close association, with the N.V. Philips Company 
of Holland, and have a number of programs. 

They are working on the SIPS proqram with the General Electric Company 
(76 ,i) and they are doing a study for DOE on -a total energy system 
using. Stirling engines (77 f). 

Fourteen people are working on Stirling engines at North American Philips. 


Norman E. Polster 
Argenta, B.C. 

Canada 

Mr. Polster. has invented a self-starting, intrinsically controlled Stirling 
engine. In a demonstration model made at theOntario Science Centre, a 
manually operated torque control level provides an instantaneous continously 
controllable accelerating or decelerating torque, including zero torque 
for any shaft position,, any shaft speed and direction including a stationary 
condition. Mr. Polster is joined with JOSAM Manufacturing Company, Michigan 
City, Indiana, in further developments. Some work has been done at the 
Joint Center for Graduate Study, Richland, Washington. (76 c) 


Professor C. J. Rail is 
School of Mechanical Engineering 
University of Witwatersrand 
1 Jan Smuts Avenue 
Johannesburg 2001 South Africa 

Professor Rail is currently leads a team of '6 graduate and undergraduate 
students in developing 2nd and 3rd order computations procedures and 
checking them with experiments. They are also doing basic- work on 
pressure drop, time lag effects, and heat transfer in periodic flow heat 
exchangers. They are also experimenting with fluidyne machines and are 
consulting with Harwell on the analysis of the thermo mechanical 
converter 


Professor Graham Rice 

Dept, of Engineering & Cybernetics 

The University of Reading 

Whi tekni ghts , Reading RG 6ZAY, England 

Professor Rice has been involved in a number of interesting Stirling engine 
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Professor Graham Rice Continued 

experiments at the University of Reading (75 k). He is involved in a 

proposed consortium to design and build a Stirling engine in the United 

Kingdom. 


Ross Enterprises 
37 West Broad Street 
Suite #630 

Columbus, Ohio 43215 

Contact: M. Andrew Ross 

Mr. Ross is a practicing attorney who is also a model engineer. He designs 
and builds his own machines in his own shop. He is also the author of a 
number of -popular articles on Stirling engines (.76 a, 76 b), and has an 
impressive collection of antique Stirling engines. 


Professor J. Senft 

Division of Science and Mathematics 

Minot State College 

Minot, North Dakota 5.8701 - 

Professor Senft teaches mathematics, does research on Stirling and other 
heat engines, builds miniature engines in his own shop, and writes on 
engineering subjects. He has authored several articles on miniature 
Stirling engines in model engineering journals, and has also worked as 
analyst with the Sunpower group- 


P-rofessor J. L. Smith Jr. 

Dept, of Mechanical Engineering 
Massachusetts Institute of. Technology 
77 Massachusetts Avenue 
Cambridge, Massachusetts 02139 

Professor Smith is developing a valved hot gas engine which may have high ... 
torque. at low speed like a Stirling engine but without the severe 
restrictions on heat exchanger dead volume inherent in the Stirling engine. 

At this time, one graduate student is working with a test engine, 
concentrating on the periodic heat transfer between the working gas 
and the cylinder walls of the compressor and expander. 
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Stirling Power Systems Corp. 

7101 Jackson Road 

Ann Arbor, Michigan 48103 

Contact: Mr. Lennart Johansson. 

Stirling Power Systems is a marketing organization owned 80.5% by FFV a 
Swedish government owned industrial group and 19.5% by Thetford Company, 
a recreational vehicle equipment supply firm of Ann Arbor, Michigan. They 
will market the FFV engine-generator. 


Sunpower Inc. 

W. T. Beale, President - 

48 West Union Street 
Athens, Ohio 45701 

Sunpower is an out-growth of Professor William T. Beale's work at Ohio 
University on free-piston Stirling engines. Sunpower is working with 
MU of Latham, New York or. a DOE sponsored 2KW(e) space power plant 
using a free-displacer, free-power piston Stirling engine driving_a 
linear alternator. Sunpower has also built a free-piston engine .or 
NASA- Lewi s . 

A new small solar-electric engine designed by Sunpower is being tested. 
The target for this system is overall conversion efficiency from solar 
energy to usable electric power approximately twice as high as that of 
a silicon solar cell using concentrated sunlight. 

Sunpower currently employs 12 people working on Stirling engines. 


Trans Computer Associates 
Dr. T. Finkelstein, President 
P.0. Box 643 

Beverly Hills, California 90213 


Dr. Finkelstein has worked on Stirling engines for a number of companies. 
He is now an independent consultant and has his 3rd order computer code 
available for use. He conducts a short course on Stirling engines every 
year at UCLA. He is the authority on the history of Stirling engines. 


United Stirling (Sweden) AB &Co. 
Fack 

201 10 Mai mb 1, Sweden 


Contact: Bengt Hall are, Corporate Planning and Marketing 


United Stirling's program is well 
Briefly, they have designed a 40, 


described in Section 3.2 of- this manual, 
a 75 and a 150 KW engine to be used in — 
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United Stirling (Sweden) Continued 

vehicles. Although a licensee of Philips, they have developed their own 
mechanical seal and their own engine designs, a crank operated Rinia 
arrangement. 

United Stirling is identified along with Mechanical Technology Inc. and 
AM General as the "second team" to be funded by DOE to develoo -Stirling 
engines for., automobi les. ■ — 

United Stirling employs about 100 people working on Stirling engines. 


Dr. Israel Uriel i 
Ormat Turbines 
P.0. Box 68 
Yavne, Israel 

Dr. Uriel i recently received his doctorate from the University of Witwaters- 
rand on the subject of a third order analysis of a Stirling engine. He is 
lecturing part time at the University of. Bersheva and is continuing his 
research on Stirling engines. 
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Professor G. Walter 
Dept, of Mechanical Engineering 
University of Calgary 
Alberta, Canada 

Professor Walker is measuring characteristics of reversing flow regenerators. 
He teaches courses on Stirling engines and is. the author of an important 
book on_ Stirling engines. (73 j) 


Westinghouse Electric Company 

Advanced Energy Systems- Di vision — - 

P.0. Box 10864 

Pittsburgh, Pennsylvania 15P36 
Contact: W. D. Pouchot 

Westinghouse has been doing the system work and North American Philips 
has been doing the engine work on a DOE sponsored artificial heart 
program (76 am). The Stirling engine work was phased out in U.S. 
Governments Fiscal Year 1977. 
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APPENDIX A 

DERIVATION OF EQUATIONS FOR HEAT FI OW 
FROM VOLUMES WHICH ARE HEATED UNIFORMLY 

During expansion and -compression of a gas, the gas temperature of the 
entire volume changes uniformly before thermal-conductivity makes a difference. 
Laser heating also approximates this. For the purpose of evaluation the 

equations will be derived for heat flow from a slab and from a cylinder. 

From a Slab 

In Figure A1 the gas is being cooled from both sides. Theheat flow at x is: 


dT 


Q w Un) = " k G A dx 


(Al) 


where 


Q w = heat flow at wall, watts 
x = distance from centerline, m 
k G = dermal conductivity of gas, w/m °C 
A-= area for heat flow, m 2 
T = gas temperature, °C 
Integrating., 


2Q, 

s 


s/2 T 

~ / xdx - - k G fl / 


M 

dT 


(A2) 


So 


4k r A 

q w s ~r~ <\ - t m ) 


(A3) 


However, we need to know the average gas temperature, T ft , instead of the center- 
line temperature, T^. T^ is defined by the equation 
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(A4) 


Using different limits on Equation A2: 
x T 


2Q, 


5*/ 


xdx ...= -kgA J' dT 


(A5) 


20 2 
__w *_ 

s 2 


T - T, 


- k G A ( T - \? 


Q x‘ 
y w 


sk G A 


(A6) 

(A7) 


So 


s/2 

/■-_? w 


V T i 


Sk G A 
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x ax 


s/2 


0 s 
w 

12k R A 


(A8) 


From Equation A3 


0 s 

L - T, - 


t 'M 4k fi A 


(A9) 


Therefore, 


t a ■ t m = t a ' T t + 


V 


(A10) 


Q s Q s Q s 
w + w _ x w 


12k c A 4k fi A_‘ 6k fi A _ 


or 


6k r A 

■ -T- < t a - V 


(All) 


Also, from the standpoint of heat capacity,- 

dT A 


n„ - -pvc 


v do 


where p = gas density, kg/m" 
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V = gas volume, m 

C y = heat capacity at constant volume, j/kg °C 

= average gas temperature, °C 

0 = time, seconds 

From a Cyl i n der 

In Figure A2 the gas is being-cooled from the cylindrical surface. The heat 
flow at r is: 


0 
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1 

' w fo 


2 

2 



( A 1 2 ) 


where S. = length of cylinder. 
Integrating: 

D/2 ? 

40 r dr 

V. - 

D 2 (2-rtr.ek r ) 

0 G 





(A13) 



(A14) 


However, what is needed is the integrated average gas temperature, T^. 
definition, 


D/2 

( T fl " T J K D? " = ( (T - T* )2irrdr 


By 


(A15) 
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Using different limits for Equation A13, 


2Q 
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»* k G° 0 
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2 / rdr = - J' dT 
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or 


ttS, kpD 


? = \ 


Substituting into Equation A15, 
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< T -A - V 
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2frrdr 
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r 3 dr 


6 11 0 


t a “ \ - 


2Q,,(4) 
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£k fi D 2 D 2 7r L 


D/2 


20 w (4)D l 


A 


£k fi D tt ( 4 ) ( 1 6 ) 
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(A16) 

(A17) 


(A18) 


8£k r it 


(A19) 


Therefore: 


T * ■ t h ■ W \ - t m 


(A20) 


Substituting Equation A14and A19 in Equation A20: 
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